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A LIMNOLOGICAL STUDY OF THE FINGER LAKES OF NEW YORK. 

& 

By EDWARD A. BIRGE and CHANCEY JUDAY, 

Wisconsin Geological and Natural History Survey, Madison, Wisconsin. 

a 

INTRODUCTION. 

In 1910 the authors of this paper were enabled to visit the Finger Lakes district 
of New York, through a grant from the United States Bureau of Fisheries, and the month 

of August was spent in work upon the lakes. In February, 1911, Mr. Juday visited 

four of the lakes to secure winter temperatures. A week in August and September, 
1911, was used in obtaining a second set of summer temperatures. The temperatures 

of Skaneateles and Owasco Lakes were also taken in February, 1912, and in the early 
autumn of that year. 

The purpose of the investigation was to extend to these lakes the studies on dis- 

solved gases, plankton, and temperatures, which the authors had already made on the 

lakes of Wisconsin.? The lakes of New York are peculiarly well adapted for such study. 

Four of those visited—Canadice, Otisco, Conesus, and Hemlock—are directly compar- 

able with several of the lakes of Wisconsin in size, depth, and biological conditions. 
The others, beginning with Owasco Lake, form a series whose smaller members are 

not greatly different from Green Lake, Wis.; but whose largest members, Cayuga and 

Seneca, are the largest inland lakes ® (except Lake Champlain) and the deepest in the 
United States east of the Rocky Mountains. Still further, these lakes lie in a region 
whose topography is hilly, but not mountainous. The highest elevations close to the 
lakes do not exceed 300 meters (1,000 feet) above the water, and the immediate slopes 

are, in general, much lower. ‘The lakes, therefore, are not exposed to the peculiar 

climatic conditions of mountain lakes, but in general these conditions are comparable 
with those which exist in Wisconsin. 

Seneca Lake, the deepest in the district (188 meters, 618 feet) is much exceeded in 

depth by lakes in Europe. A score or more are found there which are comparable in 
size and form, but which reach a greater depth. Some nine European lakes exceed a 

depth of 1,000 feet. Yet Seneca Lake is so deep that from a biological point of view 

it offers conditions of life not essentially different from those of the deeper European 
lakes, and physically also it is essentially similar. These lakes are therefore directly 

@ Birge, Edward A., and Juday, Chancey: The inland lakes of Wisconsin: The dissolved gases of the water and their bio- 

logical significance. Wisconsin Geological and Natural History Survey, Bulletin xxu, Scientific Series No. 7, 259 p. 1011. 

b It may be noted here that the term “‘inland lakes” is used by us in contrast to ‘‘Great Lakes,’’ which latter name we should 

apply only to the lakes of the series from Superior to Ontario. 
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530 BULLETIN OF THE BUREAU OF FISHERIES. 

comparable with the larger and deeper lakes of Europe, although such a comparison is 

reserved by us for another paper. 

There is another circumstance which makes it possible to study the Finger Lakes 

profitably. The hydrography of the six chief lakes has been determined through 

surveys made by Cornell University. These will receive more detailed notice in a later 

section. The successive classes of the College of Civil Engineering, Cornell University, 
carried on studies of these lakes almost continuously from 1874 to 1897, devoting to the 

field work a period each summer following the closing of the college year. The univer- 

sity published maps giving the outlines, soundings, and shore topography (so far as the 

last was determined) for Cayuga and Seneca Lakes (scale 1: 60,000), Canandaigua and 
Keuka Lakes (scale 1: 40,000): Owasco Lake was published privately in similar manner. 

Otisco and Skaneateles Lakes have remained unpublished. Both the published maps 

and copies of drawings of the unpublished lakes have been placed at our disposal by 

Director E. E. Haskell, of the College of Civil Engineering, Cornell University, to whom 

our thanks are due for many courtesies. 

This work has had a singular fate. No limnologist appears to have made use of 

it, or, indeed, to have known of it. The volume, mean depth, etc., of the lakes can be 

determined from the data supplied by these surveys; but until the authors of this 

paper undertook the task it had not been done. The earliest survey was that of Cayuga 
Lake, begun nearly 40 years ago. It was the first to be made of an inland lake in the 

United States and antedates most similar surveys in Europe; but it seems to be almost 

wholly unknown, as well as the surveys made later. The lakes are not mentionedin 

Murray’s @ account of the lakes of the world or in Halbfass’s account of the lakes outside 

of Europe.? Yet these are the only lakes in the eastern United States which are at all 

comparable to the more important inland lakes of Europe and the surveys represent a 

quality of work which has been surpassed by only the best European surveys. 

A very careful hydrographic survey of Canadice Lake was made by the department 

of water supply of Rochester, N. Y., and the authors express their thanks for a copy of 

this map, as well as for the other courtesies rendered by the department. 

This paper represents the joint work of the authors. Mr. Juday is, however, 

directly responsible for the sections on gases and plankton and Mr. Birge for those on 
hydrography and temperatures. 

METHODS AND AUTHORITIES. 

In the account of the physical geography and hydrography ° of the Finger Lakes 

the elevations above sea level are taken from the maps of the United States Geological 
Survey. The figures for the areas, depths, and slopes of the lakes are derived from the 

@ Murray, J.: The characteristics and distribution of lakes. Bathymetrical survey of the fresh-water lochs of Seotland, vol. 1. 

Edinburgh, 1910. 

b Halbfass, W.: Topographie, Hydrographie, Geologie der Ausser-Europdischen Seen, in Der Gegenwartige Stand der Seen- 

forschung, bd. 1, 1912. 

¢ Tarr, R. S.: Popular Science Mouthly, vol. uxvi, p. 387-397; United States Geological Survey, Folio No. 169, p. 4, 1910. 

Watson, IT. L..: Fifty-first annual report of the New York State Museum, vol. 1, p. rs9-r1r7 (1897), 1899. 

Nevius, J. N.: Ibid., p. rrgz-rz52. 

Rafter, G. W.: Hydrology of the State of New York. New York State Museum Bulletin 85, 1905. 
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maps of the Cornell survey for all lakes except three. Canadice Lake was surveyed by 

the Rochester water department, and no hydrographic survey has been made of Conesus 

and Hemlock Lakes. The facts regarding their area have been taken from the maps 

of the United States Geological Survey and those of depth come from the observations 

of the authors. 

The style of publication for the maps of the six lakes surveyed by Cornell Univer- 

sity was a matter that caused much hesitation. The authors would have preferred for 

many reasons to use the metric system, but they decided on the use of the foot-and- 

mile scale in order to show the shore topography by means of the maps of the United 

States Geological Survey. These topographic maps are engraved on this scale, and it 
was easy to insert the hydrography on the plates, while the cost of pooper ne the 

topography on the metric scale was prohibitive. 

All of the primary measurements are based on the metric system. Each sounding 

was converted from feet to meters before being platted on the working maps. The maps 
were enlarged to twice the scale of the original or to four times that scale in cases where 
the slopes were steep and the contours crowded. The measurements of areas were 
made with great care and repeated. It need not be stated that the number of sound- 

ings, especially in Cayuga and Seneca Lakes, is not enough to insure great accuracy of 

detail in the contours; but as all of these lakes are simple, straight, narrow, steep- 

sided troughs, without islands, bays, or marked irregularities of outline or of bottom, 

the results are approximately correct, and no subsequent survey is likely to make 
substantial alterations in them. 

The contour interval of 10 meters was chosen for the primary measurements because 

of the nature of the temperature curve. The epilimnion is from 9 meters to 15 meters 

thick, and for computing temperatures the volume of the o-10-meter zone, etc., must 

be known. In the small lakes the contour interval is 5 meters. For determining the 

volume of the several lakes the areas bounded by the several contours were measured, 

the volume of each zone was computed, and the total volume of the lakes as given in 
table I is the sum of the volumes of the several zones. 

In the detailed tables of the appendix the areas and volumes of the lakes are given 

in feet as well as in meters. The ptimary computations were all made on the metric 

system and the areas of the lakes at the 50-foot or 25-foot contour intervals were derived, 

not from the replatting of the lakes for engraving the maps, but from the hypsographic 

curves derived from the metric measurements. ‘These areas agree essentially with those 

shown on the maps, but of course small differences appear. 

In preparing the maps for the engraver the Cornell soundings were platted on the 

outlines of the United States Geological Survey maps and the contours drawn again 
for this purpose. 

The Cornell maps are based upon a detailed survey of each lake; not only were 

the lakes sounded but their outlines were determined by a careful trigonometrical 

survey. The sounding line was of wire; an apparatus was provided for releasing the 

weight when the bottom was reached and a registering apparatus recorded the depth. 

The first machine employed is no longer in existence, but the second one, and that 
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with which most of the work was done, is still in good condition. It was recently 

calibrated and found accurate. There is every reason to believe that the earlier instru- 

ment was equally good. ‘The soundings were well placed and the position of each was 

controlled by transit instruments on shore and a sextant in the boats. Every care, 

therefore, was used to secure accuracy in detail. 

All of the under-water contours, both for the working maps and for the engraver, 

were drawn by Mr. L. S. Smith, associate professor of topographic engineering in the 

University of Wisconsin. 

TOPOGRAPHY AND HYDROGRAPHY OF THE FINGER LAKES DISTRICT. 

GENERAL ACCOUNT. 

In the central part of the State of New York lies a plateau composed of nearly 

horizontal strata of soft Devonian shales and sandstones, whose highest points reach 

an elevation of about 700 meters (2,300 feet) above the sea. That part of this region 
with which this paper deals is known as the Finger Lakes district. (See sketch map, 

fig. 1.) It is bounded on the west by the valley of the Genesee River, which extends 

completely across the State. From this it extends about 140 kilometers (84 miles) 

eastward to the eastern tributaries of the Seneca River. It occupies the northern 
slopes of this plateau, with a maximum breadth of about 70 kilometers (40 miles). 

The meridian of 77° lies close to the center of the district, and it is bounded on the north 

by latitude 43°. 

Lake Ontario lies about 40 kilometers (25 miles) to the north of this region. The 
district between the base of the plateau and Lake Ontario is deeply buried in drift 

whose surface is shaped into innumerable drumlins. The surface of the plateau itself 

bears but little drift. Its hills have been little eroded, but its valleys have been 

smoothed, widened, and deepened by the continental glacier. 

The waters of the western one-fifth of this district drain into Lake Ontario by the 

Genesee River, which flows almost directly north to the lake. Across the north front 

of the remainder of the district flows the Seneca River, which has its origin in Seneca 

Lake, but is continued to the west by the Clyde River and the creeks that constitute 

the headwaters of that stream. The two rivers have a course in general almost directly 

east for 100 kilometers (60 miles) flowing between the base of the plateau region and 

the drift-covered region to the north. The stream has found out for itself a course, 

twisting about among the groups of drumlins in an imperfectly developed valley, which 

offers very little slope for its flow, so that large marshes are developed. ‘This valley 

has furnished the course for the Erie Canal. The Seneca River empties into the Oswego. 
River, which flows nearly north, directly into Lake Ontario. 

The chief tributaries of the Clyde and Seneca Rivers come from the plateau to the 

south, which is deeply trenched by their valleys. Some nine principal valleys extend 

southward into the highlands for a distance varying from 40 kilometers or less at the 

eastern and western limits to nearly 100 kilometers in the center. These valleys are 

nearly parallel. (See fig. 1.) Those in the center extend almost exactly from north to 

south. Those to the east diverge eastward and those to the west have a westward 
inclination. 
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All of these valleys are 

occupied by streams. In the 

westernmost valley and in the 

second one to the east from 
thisarefound two of thecreeks 

that unite to form the Clyde 

River. In the easternmost 

valley is found one of the 

branches of the Onondaga 

River. Theremainingsix val- 
leys have been much modi- 

fied and deepened by glacial 

action and are filled in part by 

long, narrow, relatively deep 

lakes. These are the Finger 

Lakes, so called from their 

form and because they diverge 

somewhat as do the outspread 

fingers from the hand. The 

seventh lake of this series, 

Keuka lTake, occupies a 

branching valley which seems 
to have drained originally to 
thesouth. It wasworkedover 

by the ice in a way similar to 

the other lake-filled valleys, 

and now drains by a post gla- 
cial stream into Seneca Lake. 

The valleys occupied by 

these lakes are undoubtedly 
of preglacial origin, but they 
were profoundly altered by 

the invasion of theice. Sen- 
eca and Cayuga Lakes extend 

below the level of the sea (see 
fig. 2), the deepest parts of the 

Seneca Basin being 53.5 me- 

ters (180 feet) below sea level 
and those of Cayuga 16.4 me- 
ters (54 feet). These figures 

do not represent the maximum 

depth of the valleys. In the 
flat at Watkins, near the south 

Elevations in feet. 

Those of the ridges are on lines drawn from lake to lake and not on lines straight across the 

The full line shows the section near the south end of the lakes; the broken line is near the middle; the line with alternate dots and dashes is near the 

north end. ‘These sections show the increase of height toward the south, especially in the case of the major lakes. 

‘The smaller lakes lie in general farther back from 

8 
3 
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the north end of their valleys and this condition is not so marked. ‘The lakes are as follows: A, Conesus; B, Hemlock; C,Canadice; D, Honeoye; E, Canandaigua; the Cayuga Lake Basin, N. Y., Proceedings of American Philosophical Society, vol. xLvi, 1909, pl. x1x. Vertical scale roo times horizontal. F, Keuka; G, Seneca; H, Cayuga; I, Owasco; J, Skaneateles; K, Otisco. The sections of the lakes pass through the deepest part of each lake, district. 

Fic. 2.—Diagram showing elevation above sea level and depth of the lakes, and elevation of the ridges between them. Modified from Reed and Wright, Vertebrates of 

: 
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end of Seneca Lake, a boring was carried down over 300 meters (1,000 feet) without 

reaching the rock, and similar borings at Ithaca have found loose material at greater 

depths than the maximum depth of Cayuga Lake. We are not aware that any similar 

observations have been made in the other valleys. 

Between the westernmost tributary of the Clyde River and the Genesee Valley are 

four short, steep-sided valleys, deeply cut into the highlands, which here extend well 

toward the north part of the plateau. Each of these contains a lake similar in form to 

the lakes of the Seneca Basin, but much smaller and shallower than any of these except 

one. ‘The outlets of these lakes also flow north, but soon turn west and reach the Genesee 

River by a short course. 

In this district, therefore, lie 11 larger lakes, each of them occupying a major valley 

in the north slope of the highlands (see fig. 1), a valley which in all cases but one opens 

independently upon the front of the highlands. The northern ends of these lakes are 
near the north end of their respective valleys and, in general, are not far from the same 

latitude. ‘This is especially obvious in the five lakes that occupy the central and larger 

valleys. To the south these lakes extend for a longer or shorter distance in proportion 

to their length, being longer in the center of the region and shorter, in general, toward the 

east and west limits. 
In the center of this district the relatively low land of the Seneca Valley extends 

southward in a broad lobe. In the two valleys of this region lie Seneca and Cayuga 
Lakes, nearly parallel to each other and of almost exactly equal length and area. They 
are by far the largest and deepest lakes of the series. East of Cayuga and west of 
Seneca lie two other major lakes, Owasco and Skaneateles to the east and Keuka and 
Canandaigua to the west. East of Skaneateles Lake lies a single lake, Otisco, much 

smaller and shallower than any of the six; while to the west of Canandaigua come 
Honeoye, Canadice, Hemlock, and Conesus Lakes, constituting the series of four small 

lakes belonging to the Genesee Basin. 
Thus the largest, deepest, and least elevated of these lakes lie in the center of. the 

group. ‘The elevation of the surface of the lakes increases in general from these toward 
the east and the west, declining somewhat at the extreme ends of theseries. (See fig. 2.) 

The lakes which lie immediately east and west of Seneca and Cayuga are similar 
in depth, though not in area. Owasco is considerably smaller than Keuka, but each is 
between 50 and 55 meters in maximum depth. The two lakes which lie next to the east 
and west, Skaneateles and Canandaigua, resemble each other very closely in length, 
area, depth, and topographic surroundings. Two lakes 70 kilometers apart can hardly 
resemble each other more closely than do these. As the table shows, they are considera- 
bly larger and much deeper than Owasco and much deeper than Keuka, although smaller 
in area. These six major lakes, in spite of their differences, belong to the same general 
class, as is shown by their dissolved gases and temperature. ‘The small lakes lying still 
farther to the east and west are lakes of a different class, as the same series of facts will 

show. None of them reaches 30 meters in depth, and in area the largest of them is not a 
quarter the size of the smallest of the major lakes. 

The ridges between these valleys rise in general to a maximum height of about 600 
meters (1,800 to 2,000 feet) above the sea or 300 to 400 meters (1,000 to 1,500 feet) 
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above the lakes. Since the lakes extend to the north ends of their respective valleys, 
where they open into the valley of the Clyde-Seneca River, the altitude of the ridges is 

in general lower at the northern end, where the valleys are also wider and the slopes of 
their sides are less steep. (See fig. 2.) To the south the valleys narrow, their sides be- 

come steeper, and the height of intervening ridges increases. These characters are most 

marked in the valleys of the larger lakes, perhaps most conspicuous of all in Cayuga 

Lake, which at one end extends deep into the highlands at the south and at the other 

reaches farthest into the valley of the Seneca River, so far, indeed, that it is continued 

to the north by the extensive marshes that bound its outlet. 

The immediate shores of the lakes are smooth and regular. They have a steep 
slope, which toward the south may rise above the lake to a height of 100 to 150 meters 

(300 to 400 feet) or more. Above this altitude this slope rises more gradually to the 

general level of the plateau, and then comes a steeper rise to the higher elevations. 

The tributary valleys on the upland slopes are broad, and the lower and steeper slopes 

are trenched by innumerable narrow gorges. These range in size from gullies which serve 

to carry off the rains, but are usually dry, to picturesque gorges, cut deep into the rocks 

and occupied by considerable streams. Of these last the most famous are Watkins Glen 

at the south end of Seneca Lake and the several gorges at the south end of Cayuga Lake. 

The smoothly outlined shores of these lakes show few irregularities or decided 

projections except where the axis of the lake bends on account of the course of the 

original valley. Long Point on Seneca Lake is an instance of such a structural pro- 
jection. Cayuga Lake has a broad expanse of shallow water at the north end, and 

here there are several points and one small island (the only island in the series of lakes) 

which represent irregularities of the original shore. The maps show similar conditions 

in less marked degree at the north end of other lakes. In general, however, the irregu- 

larities of the water line are small and are due to flat deltas and spits built by the 
tributary streams and by the waves. ‘These constitute a characteristic and very beautiful 

feature of the shores of the lakes. They vary greatly in size according to the drainage 

basin of the stream that produced them. The maps of the lakes show numerous examples 

of such points; Myers Point on Cayuga Lake is perhaps the largest; and the flat on the 

west side of Seneca Lake on which the town of Dresden is situated was built in similar 
fashion by the outlet of Keuka Lake. In Conesus Lake (fig. 3) two such points opposite 
each other near the middle of the lake have nearly divided it. 

The form of the lakes and their steep banks have so directed the course of the 

winds that very little work has been done by the waves along their sides. As a result, 

the wave-cut shelf is very narrow and the water deepens close to the shore and very 

rapidly. Few large tributaries enter the lakes by their sides; most of the larger streams 
enter at the south end. (See fig. 1.) 

The larger lakes of the Seneca Basin take in and give out during the year an amount 

of heat whose aggregate is enormous. It has been computed that this is equal to the 

heat generated by the combustion of nearly 150,000 tons of coal for each square mile 
of the surface of the lake. The total amount of heat from Seneca Lake would equal 

that from nearly 10,000,000 tons of coal. This heat is absorbed by the water in the 
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spring and liberated in autumn and produces a considerable local effect on the climate. 
The effect is intensified by the narrow valleys with their steep slopes which concentrate 

and localize the influence of the water. Frosts are delayed in autumn, and in spring 

the cold water chills the air of the valleys so that vegetation does not start until the 

danger of killing frosts has passed. ‘The slopes of the lake basins are therefore peculiarly 

well adapted for raising fruit, and many orchards and vineyards are found there. The 

steep shores of Keuka Lake, especially, are covered with vineyards, as thick set as those 

of the Rhine. 
The Finger Lakes comprise a group of 11 neighboring lakes, similar in form and 

topographic situation but differing widely in area and depth. Six of them may be 
classed as major lakes and five as minor, although the lakes in each group differ greatly 

from each other. The series offers for study lakes whose range of length is from 5 

kilometers to more than 60 kilometers and whose range in depth is nearly tenfold. Thus 

the series extends from lakes of quite ordinary character to those which are inland lakes 

of the first order in every sense of that term. It is probable that there is no group of 
lakes in the world which offers to the limnologist such opportunities for working out 

the problems of his science. 

Table 1 gives the general facts of the hydrography for the several lakes and for 

Green Lake, Wis., which is frequently compared with the New York lakes in the dis- 

cussion of temperatures. 

TABLE I.—HyDROGRAPHY OF THE NEW YORK LAKES. 

Elevation niin Lakes. Drainage area. Length. Area 
above sea. Maximum. Mean, 

Square : Square 
kilo- | Square Kilo- Kilo- Kilo- | kilo- | Square 

meters.| miles. | Meters.| Feet. | meters. | Miles. | meters. | Miles. | meters.| meters.| miles. 
Canadice 31 12 333 | 1,092 5. 3.2 0. 62 ©. 39 0. 51 2.6 I.0 
Canandaigua 453 175 209 686 24.9 I5. 5 2. 44 I. 50 1.70] 42.3 16. 3 
ayuga 2,106 813 116 381 61. 4 38.1 5. 60 3-50 2.80 | 172.1 66. 4 

Conesus at 231 89 249 818 12.6 7.8 1. 34 - 83 1.06 | 13.4 perz 
Hemlock ahs 111 43 273 896 10. 8 6.7 - 80 +50 .70 7.2 2.8 
Keuka. ; 484 187 216 709 31.6 19.6 3. 32 2.06 1.15 | 47.0 18. 5 
Otisco. 88 34 239 784 8.7 34) 1.22 76 189 | 7.6 269 
Owasco 539 208 217 710 17.9 Il. 1 2.10 I. 30 1.49 | 26.7 10.3 
Seneca 1,831 407 135 444 56. 6 35-1 5. 20 3.25 3.10 | 175.4 67.7 
Sicanedtelesn ecm erie vse ace 189 93 264 867 24. 2 15-0 2.35 1. 46 1.48 | 35.9 13-9 
GTEEMICWVISS cee ce pees cck cde ce ne. 246 95 275 902 11.9 74 3. 22 2.00 2.50 | 29.7 IL-5 

Depth. Dm. Development. 
Lakes. Ss ee eee Volume. Mean slope. |————_—_——— 

Maximum. Mean. | Dmx. Shore. |Volume. 

Million 
cubic Million | Per 5 

Meters. | Feet. | Meters. meters. | cubic feet.| cent. ¥ 
WEAR ho ei icticenintrinisiete shouaisis sisi ot 25. 4 83 16. 4 0. 65 42.6 I, 503 6.2) 3 33 2.05 1.04 
Canandaigua ete teen etic csi 83.5 274 38. 8 +46) 1,640.1 57) 897 7.0) 4 O 2.48 I. 30 
CANT Rah spore ietonrira pinta stolelareateiyety 132. 6 435 54.5 41 | 9,379.4 | 331,080 Die) ae a8 Eas I. 23 
Conesus 18.0 ill stra, aeevay atari (ete halaip atohel| ara/svofatetajaiens | ieialats aie aietl eipleiastiplese fice iatouapata ist Sts ciavelene/ailla alele.e's ee 
Hemlock 27.5 SII lateral ated oetsi| istalss blaisin | aletniatalalavave a | efetpiataini ate ia tatala/alelnis | btalesia lM malete eixtalcl lle are nate 
Keuka 55. 8 183 30. 5 +55 | 1,433.7 50, 610 7.8| 4 28 4:58 I. 64 
Otisco 20.1 66 10.2 50 8 2,746 Zid nek 2.04 I. 52 
OWESCOs .ciltriiy dataijasstatab aaleies oie 54.0 177 29.3 -54 780. 7 27,578 4.4] 2 31 2.27 1.03 
NS PRIECR Meester aly ius) io: sbshp wl acaler ciate abel 188. 4 618 88. 6 +47 | 15,539.5 |} 548,544 9.0] 5 08 2.74 1.4 
Skaneateless).). iii) Walle sia tate 90. 5 297 43.5 48} 1,562.8 55, 1S 8.41 4 48 2.45 1.44 
Greer (VIB) a ciaticisosisate sme ni arereie%ete 72.2 237 33.1 - 46 984. 8 34) 751 5.4] 3 06 1.78 ZV 
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TABLE I.—HyDROGRAPHY OF THE NEW YorK LakeEs—Continued. 

A v Number | Scale of 
Lakes. 2 pee 2 panera Surveyed by— Date. of sound-| original 

at M. ‘| atM. F ings. map. 

Canadice shen sede cnctasce notte 19. 5 77 9-5 37 | City of Roches- 1909 283 1:2,400 
ter. 

Canandaigua sito ceneeeents 44.0 53 26.0 31 | Cornell Uni- | 1888-1890 395 1:40,000 
: versity. 

Cayaeal ccs mince aneniencensmetroeet 47-0 33 40.0 BON |lersioe Gleaner 1875-1878 397 | 1:60,000 
BOHeSHIS. ak ee iat gen fas alae tee EUV Roy ahevalc aes Potato sverscoeteee | late manteitia rate U. S. Geolog- GOA | |kieeeer wes-|  1:62,500 
Pa ical Survey. 
(isl Reams saute AAA SOap booed soaoceae oclloogob cadcalhadooodds | 4og00n0sGrlonc00 Maniossaae 1904 sicjatelefstes cai) pT2O29500) 

TRG ees, a) aaeeens ae tee Eee es 32.0 58 18.0 32 | Cormell Uni- | 1884-1888 47° BY OCSD 
versity. 

QUSCOS f issti ce uepasjcote ris einer Oe I2.5 62 6.6 Ee Mleasod dows ee-% 1897 144 1:24,000 
Quases Stig Cod co snnoveeuenoseo seca 33:0 or 18.0 33 |.+-- age Boones 1896-97 276 | 1:40,000 
TOC: etnies seis iaiays slog ete 88.0 47 57-0 9Q)\| saeea Owe cen vere 1878-1883 405 1:60,000 

Skaneateleshi. ASagueen aaeeee eee 46.0 5I 29.0 B2)) akon downer soo 1893 572 130,000 
Greeni(Was>)huy wasnt 32.0 44 23-0 g2| Wisconsin 1898 697 1:20,000 

Geological 
Survey. 

EXPLANATION OF TABLE I. 

In table 1 the areas of drainage basins were taken from Rafter’s Hydrology of New York, except Canadice Lake, whose 

basin was measured from United States Geological Survey maps, and Green Lake, which was measured from Wisconsin maps. 

The drainage area of Seneca Lake includes that of Keuka Lake. 

Elevations above sea were from the United States Geological Survey maps, except Green Lake. In this case the elevation 

is that found in Gannett’s Dictionary of Altitudes in the United States, and refers to the railway station, which is somewhat 

below the level of the lake. : 

Length, depth, etc., were measured or computed from the maps named in the table. 

The length of each lake was measured along its axis. That given for Keuka Lake is the length of the east arm and main 

lake; the west arm is 10.6 kilometers (6.6 miles) long. ‘The maximum breadth of Keuka Lake is at the junction of the arms; 

elsewhere the maximum breadth is 1.48 kilometers (1.1 miles). c 

The mean breadth of the lakes was found by dividing the area by the length. The mean depth was found by dividing the 

volume by the area. 

The depths given for Hemlock and Conesus Lakes are those found by the authors. ‘The lakes have not been surveyed, but 

probably these numbers are near the maximum depth. 

en is the ratio of the mean depth to the maximum depth. 

The volume assigned to each lake in this table is the sum of the volumes of the several strata as given in the tables of detailed 

hydrography (p. 597). These are computed from theformula v= (BoB eve) 2) in which / isthe contour interval, A and B 
3 

are the areas of the bounding planes of the stratum. 
L — L 

The mean slope was computed according to the formula of Gravelius¢S =o Caleta ot = eae eee aie) 3 , in which H 

is the depth of the lake, A its area, and Jo, hi, etc., the length of the successive contours. i 

The mean slope of the areas between the several contours in the detailed tables of hydrography was calculated from the 

formula =" os. in which # is the contour interval, a the area between the contours, and Ji, /2 the length of the contours. 

Shore development is the ratio of the perimeter of the lake to the circumference of a circle whose area equals that of the lake. 

Volume development is the ratio of the volume of the lake to that of a cone whose base equals the area of the lake and whose 

height is the maximum depth of the lake. If the sides of the lake were vertical the volume development would be 3 or the 

3Dm 

Dmx 

fore three times those in the column —— That part of the number which follows the decimal point is, in these lakes, the same 

as Peucker’s figure for ‘‘mittlere Wolbung.’’ 

volume would be that of a cylinder of equal base and altitude. The formula is and the numbers of this column are there- 

A at m. ‘This column shows to the nearest meter or half meter the depth at which the area of the lake basin is reduced to 

one-half of that of the lake’s surface. 

yv at m. shows in like manner the depth of the plane which divides the volume of the lake into two equal parts. 

The columns headed ‘‘per cent of Dmx”’ show the ratio of these depths to the maximum depth of the lakes. 

See account of Otisco Lake (p. 542) for other statistics. 

@ Gravelius, H.: Die mittlere Boschung. Zeitschrift fiir Gewdsserkunde, bd. 1x, p. 267. 
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LAKES OF THE SENECA BASIN. 

Seneca and Cayuga Lakes (pl. cxi11, cxtv).—These are the largest and deepest lakes 

of the group and closely resemble each other in surface dimensions. Seneca Lake, how- 

ever, is nearly 56 meters deeper than Cayuga, the ratio of the maximum depths of the 

two lakes being 1: 1.42. The mean depth of Cayuga Lake is even less, being to that of 

Seneca in the ratio of 1: 1.63, and their volumes have about the same ratio. The map 
shows a large area of shoal water at the north end of Cayuga Lake, which is not found 
in Seneca Lake. The outlet of Cayuga Lake, also, passes. at once into the extensive 

Montezuma marshes, another indication of the flat condition of the country at the 

north end of the lake. 
_ The topography of the shores of these lakes is very similar. The country is relatively 

flat at the north end. (See fig. 2 as well as the plates.) The shores rise toward the 

south and for the southern half or two-thirds of their length, the lakes are bounded by a 

steep slope, often precipitous at the bottom, which reaches in places 100 meters or 

more in height. Above this steep slope there is for much of the way a more or less 

definitely marked shelf, and above this there is another rise to more considerable isolated 

heights. There are no high hills which crowd down toward the water as is the case in 

most of the other lakes. The lakes have the appearance of a broad, quiet river, with 
steep banks of nearly uniform height. Their scenery is therefore rather tame as com- 

pared with that of the other major lakes; but at the southern end of both lakes the 
entering streams have cut deep gorges which are famous for their beauty. The lateral 

tributaries of these lakes are larger than those of the smaller ones and points built out by 

them into the lakes are correspondingly larger. At the south end of each of these lakes 

there is a flat or delta built out into the water by the large streams which enter from the 

south. 
The authorities which we have consulted give the area of Cayuga Lake as slightly 

larger than that of Seneca, but our very careful measurements, both from the Cornell 

maps and those of the United States Geological Survey, reverse this relation. The 

following table shows the details for each lake: 

TABLE II.—AREAS OF CAYUGA AND SENECA LAKES. 

Area in square miles. 

Authority. 

Cayuga. Seneca, 

ERLE LUC ram rectal tate see tatiaceetstsfayn te Pavojater Vislavepovotels MUOEe Tiel sious tele a 8 ede al ala ini iovekel oun! biti lal wtatuais antes teasauvetoararnigekitbsa fates 66.8 66.0 
otra ras aay vein cer scetavatie rave eunittete lei ste ta vovermlerolainTetoneie ora lavatetoiave)elerey tele aves, ergietovdiove: age wtotasoietarei gia erase eveinravehatretaves sta 66. 4 67.7 
United States Geological Survey maps.............0+ xa htar nfs) e WYxalieh che telne/ainae ie sabre woe RYAN aie: WISIMYRL oe Ro av S MMaRE FW 66.0 66. 3 

@ Rafter, G. W.: Hydrology of the State of New York. New York State Museum Bulletin 85, 1905, p. 216. 

The transparency of these lakes, as measured by Secchi’s disk in 1910, was 5.1 

meters for Cayuga Lake and 8.3 meters for Seneca. 

These lakes are part of the canal system of New York, and their outlets are 
controlled by the works at the entrance of the canals into the lakes. 

46512°—14——-2 
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Our observations on Seneca Lake were made in the deep water off North Hector. 

In Cayuga Lake they were made off Sheldrake and King Ferry. 

For the details of the hydrography, see p. 508. 

Owasco Lake (pl. cxit).—Owasco Lake is the smallest of the six major lakes, having 

about 70 per cent of the length of Skaneateles and Canandaigua Lakes. Its mean 

breadth is, however, somewhat greater, so that its area is about 70 per cent of that of 

Skaneateles Lake, its neighbor to the east. It is also the shallowest lake (54 meters, 

177 feet), although Keuka Lake exceeds it by less than 2 meters in maximum depth, 

and a little more than 1 meter in mean depth. It has the form typical of these lakes— 

a broader, rather shallow northern part extending into the lower country, and a narrow 

south part with steep sides. The valley, however, lies in that depression of the high- 

land which includes the north parts of Seneca and Cayuga-Lakes. Its banks are, 

therefore, on the whole, lower than those of any of the other lakes, although of the same 

general character. The valley extends about 30 kilometers (18 miles) to the south, 

and with steeper slopes than any of those found immediately adjacent to the water. 

Near the lake the steep slope at the bottom never exceeds 100 meters, and is usually 

much less, and above this the slopes are gradual and do not rise to elevations much 

exceeding 200 meters above the lake. The lake itself is about 100 meters above Cayuga 

Lake, its neighbor to the west, and less than half as much below Skaneateles Lake. 

The outlet is controlled by a dam, and the lake is the source of water supply for 

the city of Auburn, which lies at its north end. The south end of the lake is somewhat 

silted up by alluvium brought down by the inlet, as is shown by the form of the 2 Sola , 

contour, and the valley is probably deeply filled with loose materials. 

In a report made in 1909 to the city of Auburn, Mr. G. P. Whipple comeuie the 

volume of Owasco Lake as equal to about 200,000,000,000 gallons, which would equal 

about 2,670,000,000 cubic feet. This computation is based on the same survey as ours, 

and is somewhat smaller than our estimate. (See table 1.) Whipple’s diagram, how- 

ever shows the volume of the lake as slightly larger than our figures. 

Our observations in 1910 were made off Wyckoff, and temperatures were taken 

there in the winters of 1911 and 1912. Four series of temperatures were taken in ror1, 

the first near Rice Point at the south, and the last near the northern limit of the 

100-foot contour. 

For the details of the hydrography, see p. 598. 

Keuka Lake (pl. cxv).—Keuka Lake, which drains into Seneca Lake, lies about 

80 meters above it. The stream which carries its water flows through a narrow post- 

glacial gorge and empties into Seneca Lake near Dresden. 

Keuka is the largest of the lakes after Cayuga and Seneca, and it is also the 

narrowest. It is the only lake whose outline is irregular. Its west arm, though the 

shorter, is the deeper, the 150-foot contour extending close to the northern end. The 

lake lies, as a whole, farther to the south than does any other of the district, and both 

branches of the basin are narrow to the extreme north end, since the valley does not 

widen out on the northern face of the plateau. It is one of the shallowest of the six 

major lakes, being less than 2 meters deeper than Owasco. The under-water slopes of 
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the basin are very steep, as are also those above water; and these steep slopes begin 

close to the northern end of the lake and extend through its length. Bluff Point, which 

divides the two arms of the lake, is one of the finest hills to be found adjacent to the 
lakes, and has been most characteristically shaped by glacial action. 

The waters of Little Lake, which is shown on the map, drain into the Susquehanna 

River, and thus reach Chesapeake Bay, while those of Keuka Lake ultimately reach 

the Gulf of St. Lawrence. 
Observations were made on Keuka Lake in the deepest water off Grove Springs. 

' For the details of the hydrography, see p. 598. , 
Canandaigua Lake (pl. cxv1).—Canandaigua Lake repeats the typical form of the 

Finger Lakes—a basin, relatively broad and shallow at the north end, with flat low- 

lying shores. To the south the hills rise and steepen and come down close to the lake. 

The hills on the east side rise with a steep slope almost to their summits, South Hill 

showing a rise of nearly 400 meters in 1 kilometer, while other slopes are nearly as 

steep for shorter distances. No lake has so many high hills adjacent to it. Burr and 

South Hills lie to the east, and on the west are Powell and Stid Hills. Between these 

is Bristol Hill, which reaches a height of about 500 meters (1,604 feet) above the lake. 

Its summit is just to the west of the limits of the map, due west from Lapham Point. 

Between these hills are deep valleys, of which Vine Valley on the east side is the most 

conspicuous. These high hills, with their valleys, make the scenery of Canandaigua 

Lake more diversified than that of any other Finger Lake. No single view, indeed, is 

finer than that of Bluff Point from Keuka Lake, but in variety of scenery Canandaigua 

excels. 

The transparency of the lake in 1910 was 3.7 meters, the lowest found in the major 

lakes. 

Observations on gas and plankton were made in the deepest water and not far from 

Grange Landing. In both 1911 and 1912 four series of temperatures were taken, of 

which the southern was near Cooks Point, and the northern near Hope Point. 

For the details of the hydrography, see page 597. 

Skaneateles Lake (pl. cxt).—Skaneateles Lake is the easternmost of the six major 

lakes and is almost a replica of Canandaigua, the westernmost. Its length is almost the 

same, its breadth slightly less, and its area correspondingly smaller. Its depth, both 

mean and maximum, is greater, in spite of which the shores to the south are not so high 

as those of Canandaigua, nor are there the deep lateral valleys that diversify the steep 

walls of the latter basin. The highest and steepest slopes are reached only at the 
extreme south end of the lake and extend up the valley beyond the water. Here on 

the west side is found a slope about 250 meters high with a gradient of about 1:3. ‘This 

is, as usual, exceeded by the under-water slopes, which reach near Carpenters Point a 

maximum of 1:1.5 for a height of 60 meters. 

The transparency of the lake in 1910 was 10.3 meters, by far the greatest found. 

This had no apparent effect on the distribution of temperature. 

Skaneateles Lake serves as a reservoir for part of the canal system of New York, 

and its outlet is controlled by a dam, which raises the water perhaps about 2.5 meters 
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(8 feet) above its natural low level of 70 years ago. The water of this lake, with that 

from Otisco Lake, is also used for the water supply of the city of Syracuse, which lies 

some 27 kilometers to the northeast. 

Our observations in 1910 were made off Carpenters Point. The later temperature 

observations were taken off Mandana. 

For the details of the hydrography, see page 599. 

Ottsco Lake (pl. cx1).—Otisco Lake is quite similar in situation and form to the six 

major lakes, but is wholly different in area, depth, and biological character. The lake 

is used as a source of water supply for the city of Syracuse, which lies about 27 kilo- 

meters to the northeast. The height of the water is controlled by a dam, which may 

raise the water 3 meters or more above its original level. This dam is placed some 1.5 

kilometers below the original outlet and has thus caused a shallow extension of the 

lake at the south end. ‘The sides of the original lake are steep, and the increase in height 

of the water adds little to its breadth. At the south end of the lake the floor of the 

valley slopes very gradually and here the dam has caused a broad, shallow expanse 

which varies greatly in area with the rise and fall of the water as it is drawn upon for 

the use of the city. 

Across this shallow expanse and close to the original south end of the lake there runs 

a causeway pierced only by a narrow opening. ‘There is thus a considerable area of 

shallow water which is practically separated from the main body of the lake. 

In the general table of the lakes the statistics for Otisco Lake are based on the 

Cornell survey and include the entire lake. The level of the water shown by this survey 

was not correlated with the level of the crest of the dam, or if such measurements were 

made (as they probably were) the records have disappeared. ‘The water was probably 

about 1 meter below the spillway at the time the soundings were taken. They there- 

fore do not represent the maximum possible depth of the lake, but are probably quite 

as great as the ordinary depth. 

For all purposes of limnology the southern extension of the lake beyond the cause- 

way has no significance, however valuable it may be as a storage for water supply. 

For the purposes of our discussion, the dimensions of the lake must be recalculated, 

including that part of the lake which lies between the dam and the causeway. The 

results are as follows: Length, 7.33 kilometers; breadth, maximum, 1.22 kilometers; 

mean, 0.93 kilometers; area, 6.84 square kilometers; depth, maximum, 20.1 meters; 

mean, 11.2 meters; volume, 76,440,000 cubic meters; shore development, 1.76; volume 

development, 1.64; mean slope, 2.41 per cent, 1° 23’. These measurements are 

employed in the table of hydrography, page 597. 

Otisco Lake occupies only a small part of its valley, which extends far beyond the 

lake both to the north and the south. Its steepest slopes begin at about the same 

point as do those of the Skaneateles valley, and since the lake is little more than one-_ 

third as long, they lie wholly to the south of the water. In general they are more 

broken and diversified than are those of the other eastern lakes. There is hardly a 

view in this picturesque and beautiful region finer than is that which the Otisco Valley 
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offers as the traveler from Skaneateles first enters it from the south, high up on the slopes 

of its western side. 

Otisco Lake was visited only once. The work was done off Amber, in the deepest 

water. The lake abounds in plankton, as is indicated by the absence of oxygen and 

plankton in the deeper water. Its transparency in 1910 was 3 meters, the least shown 

by any of the lakes, but not much less than several of them. 

For the table of hydrographic details, see page 597. 

LAKES OF THE GENESEE BASIN. 

Honeoye, Canadice, Hemlock, and Conesus Lakes (fig. 3).—These four small lakes 

lie to the west of Canandaigua Lake (fig. 1), in narrow valleys, at an average altitude 

decidedly greater than that of the lakes of the Seneca Basin (fig. 2). One of them, 

Honeoye Lake, was not visited by us. The lake is shallow, as is shown by the large 

deltas which have been built out into it by the small streams along its sides. 

Conesus, the westernmost lake, lies farthest to the north, and therefore comes 

nearest to the mouth of its valley. The valley is shallow and has gradual slopes, not 

exceeding 1:5 for a height of 100 meters (over 300 feet). The highest hills adjacent 

to the lake do not reach a height greater than 160 meters (530 feet) above its surface. 

The most interesting topographic feature of the lake is the fact that near its center 

two streams, entering opposite each other, have built out large deltas, which have nearly 

divided the lake. The water is shallow; we found no depth greater than 18 meters. 

We made soundings along the center of the southern half of the lake, and the greatest 

depth of the lake is probably little, if at all, greater than that found by us. The trans- 

parency of the water was’6.3 meters, which was exceeded only by Skaneateles and 

Seneca Lakes. The oxygen and plankton of the lake show the regular characters 

that belong to a shallow lake. ' 

Canadice and Hemlock Lakes lie close together in the center of this group. ‘They 
are separated by the height of Bald Hill, which lies between them, much as Bluff Point 

lies between the two arms of Keuka Lake, and which has a form quite similar to that 

of Bluff Point (pl. cxv). It rises, however, to a greater height, since its summit is 

nearly 600 meters (1,850 feet) above the sea, and it rises more than 230 meters (760 

feet) above Canadice Lake and about 290 meters (950 feet) above Hemlock Lake. 

The water of these two lakes furnishes part of the supply for the city of Rochester, 

which lies about 45 kilometers (28 miles) to the north. 

Hemlock Lake is long, narrow, nearly straight, and is singularly uniform in 

breadth. The walls of the valley are steep, the steepest slopes rising 300 meters or 

more in 1 kilometer. None of the slopes are precipitous, but many of them are about 

as steep as is possible for a wooded slope to lie. Marrowback Hill, on the west of the 

lake, is as steep as Bald Hill on the east and reachesa height some 30 meters (100 feet) 

greater. The sides of both these hills are uniform and are unbroken by valleys or 

projections. ‘Toward the north end of the lake are a few small streamlets whose val- 

leys are almost invisible, and even these are not found along the southern two-thirds 
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of the lake. There are, therefore, no deltas built into the lake, but the steep wall of 

the valley rises immediately from the water on both sides of the lake. 

The outlet of Hemlock Lake is controlled by a dam, which may raise the water to a 

height of about 1.6 meters (5 feet) above its natural level. No hydrographic survey 

has been made of the lake. This is the more regrettable since the form and topography 

of the lake adapt it admirably to the study of the temperature seiche. Not only is 

the lake straight and of uniform breadth and depth, but the shape and depth of the 

valley are such that all winds that affect the water must blow parallel to the long axis 

of the lake. 

The maximum depth of the lake as found by us was 27.5 meters (90 feet), and this 

was said by the officials of the Rochester water department to be the deepest water 

of the lake. The observations on Hemlock Lake were made near the middle of its 

length. 

The transparency in 1910 was 4.7 meters. 

Fic. 4.—Hydrographic map of Canadice Lake. From survey by city of Rochester department of water supply. Contour 

interval, 25 feet. Scale, about z: 64,000. Note the steep sides and flat bottom of the lake. ‘The outlet of the lake is at the 

north end. 

Canadice Lake (fig. 4) is the smallest of the lakes which we visited and the only 

lake of the Genesee Basin which has had a hydrographic survey. This was done with 

great care by the department of water supply of the city of Rochester, whose officials 

were so kind as to place their maps at our disposal. 

The valley of Canadice Lake is a simple trough, with smooth steep walls, almost 

exactly like the valley of Hemlock Lake, though the eastern slopes of Canadice Valley 

carry somewhat larger streams and have cut somewhat deeper into its sides. The slopes 
under water are even steeper than those above it and the ratio between the maximum 

and the mean depth of the lake (see table 1) is considerably greater than for any other 

lake. . More than three-fourths of the maximum depth must be passed before the plane 

is reached whose area is one-half that of the surface. In correspondence with this 

relatively great depth and volume Canadice Lake shows a biological character more 

resembling that of the larger lakes than does any other of the smaller lakes. It carries 

a good deal of oxygen to the bottom. The temperature of the deep water is low in 

spite of the fact that its total gains of heat are higher than would be expected from its 

area. 

The lake was visited once and observations were made near the north end. The 

transparency of the lake was 4 meters. 

For the details of the hydrography of the lake, see page 597. 
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TEMPERATURES. 

GENERAL OBSERVATIONS. 

Temperature observations were made in these lakes on the following dates: 

Lake. Date of observations. 

CariadiGea sas eiead nae deere ae Aug. 24, 1910. 

Canandatouar 2p c02 5. ats po ae ae Aug. 20, 1910; Sept. 4, 1911. 

Cay eas lcs SR rye a Ratna ere Dales Aug. 11, 1910; Feb. 13, Sept. 2, rozr. 

COMESUS TT ee ee eee ee ee Aug. 25, 1910. 
Hemlock! o.com Aug. 23, I9r0. 

ie ulkate i GSA t io, ae ae Be Aug. 18, r910; Sept. 5, ror. 
QObtisco tei) ns adh ee A eR Aug. 16, rgro. 
Owascoiny sted. hes pede ein ee aes Aug. 13, 1910; Feb. 11, Sept. 3, 1911; Mar. 1, Sept. 13, 1912.0 

GENE CAG pt kok ea ee eee eee: Aug. 2, 3, 4, 7, 9, 1910; Feb. 10, Sept. 1, 1911. 

Skaneatelese 4 jackman eae Aug. 15, 1910; Feb. 11, Sept. 3, 1911; Mar. 7, Oct. 15, 1912.4 

The details of the observations are given in the tables of the appendix (p. 601). It 

will be seen that in all of the lakes temperatures were taken in August, 1910, and in four 

of the lakes series of temperatures were taken only at that time. Two other lakes were 

visited also in early September, 1911. Four others were visited in both summers and 

in February, 1911, and two of these also in March, 1912, and in the fall of that year. 

The attempt was made to secure series of temperatures which would show approximately 

the maximum summer temperature of the water, and in the case of those visited in the 

winter, the minimum temperature also. The most important conclusions to be drawn 

from the observations, as will be shown later, concern the annual heat budget of the 

lakes and the distribution of the heat in summer. 

The study of the New York lakes was made in order to test in larger bodies of water 

the principles of lake temperatures established for the inland lakes of Wisconsin. Since 

the phenomena of the Finger Lakes exactly conform to these principles, we have not 

hesitated to use them as illustrations of these laws, though we should not have deduced 

the laws from them alone. The full discussion of these underlying principles belongs 
to the report on lakes of Wisconsin now under preparation, but several of them are 

briefly discussed in connection with this report. 

The following principles are therefore assumed as demonstrated for lakes in the 

general climatic and topographic situation of the Finger Lakes. It is not asserted that 
they hold for lakes situated under other conditions. 

1. Every deeper lake has an equithermal period of several weeks in summer, cover- 

ing as a maximum August and parts of late July and early September, during which 

the daily gains and losses of heat nearly balance, when the mean temperature of the lake ~ 

is substantially constant, and when the epilimnion has a nearly constant thickness. A 

series of observations taken on one day during this period gives a good idea of the 

general temperature condition of the lake during the whole period. 

@ The observations of 1912 were made by Mr. J. W. Ackermann, superintendent of water works, Auburn, whose kind assist- 

ance is herewith acknowledged. 
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2. This condition recurs annually, unless under extraordinary conditions of weather, 

and the annual differences are not great enough to invalidate or seriously weaken general 

conclusions based on a single year. 

3. A series of temperature observations taken in summer under good conditions of 

weather, and near the center of oscillation of a lake of regular form, gives a fair idea of 

the mean temperature of the water of the lake. 

4. In lakes of this type, all heat gained which is above 4° and which is found below 

a depth of 5 meters, has been conveyed there by mechanical agencies; by currents due, 

directly or indirectly, to wind. Such heat may be called wind-distributed heat. The 

same is true of most of the heat found between the depth of 1 meter and 5 meters. There 

is as yet no clear evidence that thermal convection currents aid appreciably in carrying 
heat downward. 

5. The thickness of the epilimnion in lakes of different size and otherwise comparable 
is a fair measure of the relative efficiency of the wind in distributing heat. 

SUMMER TEMPERATURES. 

As a result of the normal conditions of weather acting on the lake, it divides in 

summer into three well-known thermal regions. 

1. The epilimnion, a stratum in which the temperature is nearly uniform. The 

surface is usually the warmest part of the stratum. Under summer conditions the fall 

of temperature in this region varies from a small fraction of a degree to several degrees. 

The amount varies chiefly with the temperature of the surface and is therefore subject 

to diurnal variation. It is greatest in the afternoon of a hot, calm day; least in the early 

morning, when the surface may be cooler than the stratum immediately below it. 

2. The thermocline, the stratum of rapid cooling, whose limits are somewhat arbi- 

trarily fixed as those of the region in which the fall of temperature equals or exceeds 

1 degree per meter. Its upper limit is usually fairly definite, but below it grades off 

into the third region and its lower limit is often somewhat arbitrary. From 60 to 70 

per cent, or even more, of the fall in temperature is usually found here. The thermo- 

cline is subject to variation in thickness under the action of wind and of oscillations due 

to temperature seiches. At the center of the lake where these influences are least felt, 

it is still subject to oscillations of considerable amount. ‘These may cause an increase 

or decrease of the thickness of the thermocline, and at its bottom isotherms may be 
drawn in or excluded by its extension or contraction. 

3. The hypolimnion, the region below the thermocline and extending to the bottom 

of the lake. In this region the temperature falls slowly, the temperature curve soon 

approaching a straight line. The amount of fall in this region varies greatly according 

to the conditions of the spring warming. It may be less than 3°, even in a layer more 

than 60 meters thick, or it may be as much as 6°. It may be as little as 11 per cent of 

the total fall in temperature or it may be nearly 40 per cent. 
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TasLe II].—SUMMER TEMPERATURES OF THE NEW YorK LAKES. 

Temperature. Epilimnion. 

LESs: Neat, | Depth: Fallof | ppicg. | Fallof | Percent | pay 
Surface. | Bottom. | tempera- = tempera-| oftotal | ~* ae 

ture. pS ture. fall. ES 

Meters. eG: 5Gy SG. Meters. “CG: 7e8 
Canadices 5 5. sascteis/ecitstersttusb ee I9I0 25-4 22. 2 8.0 14.2 7 0.4 2.8 0. 06 
Canandaigua..............2.-.-200 IgI0 85. 5 21.7 5.4 16.3 12 2.0 12.2 -17 

ane hig mise aS 20. 7 4.3 16.4 12 2.4 14.6 -20 
I9IO 132. 6 19.8 4.4 15. 4 15 -6 3-9 - 04 
OLE Wnap eects 20. 0 4.1 15.9 16 1.4 8.8 = 09 
I9IO 18.0 21.8 12.5 9.3 8 4 4:3 -05 
1910 27.3 22. 0 9.3 12.7 8 =13) 2.4 - 04 
1910 55.8 21.2 6. 4 14.8 9 1.9 12.8 -21 
POPS NogaonosDo5 20. 6 4.8 15.8 Ir 1.1 7.0 -10 
1910 20.1 23. 0 12.0 11.0 7 1.0 9.I .14 
I910 54. 21.5 7.0 14.5 12 2.0 13.8 a ile/ 
HYG) lascboo Sond 19. 8 5.3 14.5 12 ~3 2.7 - 02 
TOL2y |store 19.6 7.3 12.3 15 1.4 Il. 4 -93 
I910 188. 4 20.0 4.2 15. 8 12 2.0 12.7 ene oS 
TOTE |i setelalsieiiere 20. 0 4.0 16.0 I5 1.6 10.0 -l1l 

I910 90. 5 22.7 5.40 ies) 9 3.7 21.4 -41 
LOLI || ene es 19. 6 4.4 15. 2 16 8 5-3 05 
I9Io 72.0 22.9 Sac) 1702 II 2.0 Ir. 6 -18 
TOMI sleianw cote mae 20. 5 5.8 14.3 14 1.0 7.0 71 
ONY lone w sonb. 21.7 6.3 15.4 Be) 1.2 7.8 «12 

‘Thermocline. Hypolimnion. 

Lakes. Year. : Fall of | Per cent ‘Temper- Fall of | Per cent 
Thick- tempera-| of total palnes ature at hick: tempera-| of total Fall per 
mess: ture. fall. T- | bottom. 4 ture. fall. meter 

Meters. ces AC} Gy Meters. nes °C. 
Wanadice tasctiectyas peer I9IO 5 10. 6 74-7 2.12 II. 2 13. 4 3.2 22.6 0. 24 
Canandaigua............ 1910 8 ee: 70.6 1.44 8.2 63. 5 2.8 17.2 . 044 

DOF ae Deere ew Lae IQII 8 10. 6 64.7 1. 32 707 63.5 3.4 20.7 | . 054 
Cay liga ek pacts setae ‘910 1 9.4 61.0 1.34 9.8 110. 6 5.4 35-1 -05 

DO abcess IQII 5 9.3 58. 5 1. 86 9.2 111.6 5), 74 32.7 . 046 
Cornestise 2. Helene. 1910 4 6.8 73-1 1.70 14. 6 6.0 2.1 22.6 35 
Hemlock...............- 1910 6 9.3 73-2 1,55 12.4 13.3 3.1 34: 4 -23 
Keenkaigy nthe... Seng ets I9Io 6 9.6 64.0 1. 60 9.7 40.8 3.3 22.3 . 081 

DOR ieee ee te IQIr 4 12.4 78. 5 EM 4.1 37.8 2.3 I4.5 . 061 
Qtiscos, Seok somes I9IO 5 8.5 Wa} 1.70 13.5 8.1 1.5 13.6 .19 
Owaseors ee oscars cree I9I0 8 8.7 60.0 1.09 9-8 34. 0 3.8 30. 2 Sb) 

DOP alate iors create wn eee IQII 8 10. 2 70: 4 1. 28 9-3 34.0 4.0 27-5 ai 
1B Yu eaaeaon corm oticos 1912 5 7.3 50-3 1. 46 Il. 9 34.0 3.6 20-3 ell 

Senecatetacie sth Soa. as Igo 8 7.8 49-4 - 98 Io. 2 168. 4 6.0 38.0 . 036 
LD Oye ouNeataDEeod IQII 7 10.9 68. 1 1. 56 705 166. 4 3.5 21.9 . 021 

Skaneateles.............] I910 9 907. 56. I 1. 08 9-3 72.5 3.9 22. 5 . 054 
DORA Oa cnterne aoe IQLI 6 9.3 61.2 1.55 9-6 68.5 5.1 Bebe . 074 

Green (Wis.)..........-. Ig910 7 12.3 71-5 1. 76 8.2 54.0 2.9 16.0 - 054 
1 DW oo noneaseot sacs IQII 6 10. 8 75-5 1. 80 8.7 52. 0 2.5 Tac - 047 
WO Kingda senHDs cones Igi2 5 8.1 2.6 1. 62 12-4 57.0 6.1 30-6 a | 

Figures 5 and 6 give the temperature curves of the six major lakes to the depth of 

50 meters for the summers of 1910 and 1911. All of them show the typical midsummer 

temperature curve of an inland lake. They show a striking resemblance to each other 

in form and there is less difference in the relative thickness of epilimnion and thermo- 
cline than might be expected. Keuka Lake departs in both years most widely from the 

others, and reasons can be assigned for this fact, but any of the other lakes might con- 

ceivably occupy any place in the set of curves. This close resemblance is an indication 

of the fact that the various lakes have absorbed nearly equal amounts of heat. The 

same fact is also indicated by the lower parts of the curve, which indicate in general 



warmer water for the shallower lakes. 
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Keuka and Owasco Lakes, which hardly exceed 

50 meters in depth, are the warmest at the bottom in 1910. Skaneateles Lake accom- 

panies them in 1911, but the observations were not at the best place. (See p. 540.) 

Seneca and Cayuga, the deepest of the lakes, are the coldest, and are both at about the 

13. £0 ys ao 
a | hs 

Beall 
H| ) | 
ves ff 
ll & 

50 A Giehe |CASa Bia e e 

Fic. 5.—Temperature curves of the six major Finger Lakes in 1910, shown to the depth of so meters. One vertical space represents 

5 meters in depth; one horizontal space represents 2°C. See p. 548. 

GS 

These facts of bottom temperatures should be expected on general same temperature, 

But the resemblance of the upper part of the principles, as stated by Wedderburn. 

curves is greater than would be anticipated. 

Bathymetrical survey of the fresh-water lochs of Scotland, vol. 1, a Wedderburn, E. M.: Temperatures of Scottish lochs. 

p.97. Edinburgh, 1910. 
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Surface and epilimnion.—The table shows that the surface temperatures of these lakes 

varied about as would be expected considering their size and depth. During the time 

necessary to visit the lakes no considerable depression of temperature occurred which 

would cool the surface, so that the observations in the different lakes are comparable. 
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Fic. 6.—Temperature curves of the six major Finger Lakes in 1911, shown to the depth of so meters. One vertical space represents 

5 meters in depth; one horizontal space represents 2°C. Seep. 548. 

During 1910 the weather was without a cold period until after the first week in September, 

and in 1911 the first weeks of September were among the warmest of the season, and no 

marked depression of temperature occurred during August. There is therefore every 

reason to believe that the series represents the approximate maximum of the season, 

a maximum which would be surpassed during a succession of calm, hot days, but which 
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would not be exceeded in ordinary summer weather. The surface temperature of 

steep-sided Jakes is necessarily lower than that of lakes with shallow margins, and 

that of the smaller lakes is, for similar reasons, usually higher than that of the larger. 

If we consider the six main lakes only, the mean thickness of the epilimnion in 1910 

was 11.5 meters (9 to 15 meters); in 1911 it was 13.7 meters (11 to 16 meters). In 

twelve series of temperatures taken in six lakes in 1910 and 1911, the mean thickness 

was 12.6 meters. No constant difference due to area or depth appears in the list. 

Keuka Lake had the thinnest epilimnion in both years, a condition undoubtedly due 

to the fact that it is narrower than any of the other lakes, and that its shores are on the 

whole higher and steeper than the others. The wind has therefore less opportunity 

to distribute the warm surface water. The effect of the same cause is found also in the 

fact that the annual gains of heat in Keuka Lake are the smallest of the six, as will be 

shown later, and also in its relatively low bottom temperature. Cayuga Lake indicates 

rather doubtfully a tendency toward an epilimnion a little thicker than the others. 

I believe this will be found to be the fact when a sufficient number of observations 

have been made. ‘There is nothing conclusive, however, in the observations given, 

as they are quite within the range of accidental variation. 

I have added to the table of New York lakes the facts for Green Lake, Wisconsin, 

which lies in a climate not essentially different from that of central New York. These 

show that the epilimnion in these years had a thickness almost exactly the same as 

those of the New York lakes. Green Lake has a length of about 11.4 kilometers while 

those in New York vary from about 18 kilometers to more than 60 kilometers. Their 

mean breadth is of the same order of magnitude as that of Green Lake, and is therefore 

relatively less. This, however, makes little difference in the effect of wind in favor 

of Green Lake, since the long axis of Green Lake lies across the prevailing direction of 
the wind, or at least obliquely to it, while the New York lakes are much more nearly 

parallel to it. This fact, coupled with the greater length of the lakes, should make the 

influence of the wind as great for any of the lakes and much greater for some of them. 

In Seneca Lake, for instance, the currents induced by wind are often so strong that 
even when no wind is blowing a deep-sea thermometer will not sink perpendicularly 

unless extra weight is attached to the line. This condition never occurs in the Wisconsin 

lakes. 

It appears, therefore, that 12 to 15 meters is about the maximum thickness which 

can be expected in the epilimnion of an inland lake before the temperature of the water 

begins to decline. Such a statement applies only to lakes which lie under the topographic 

and climatic conditions of the lakes discussed. Variations are found and the thickness 

must be measured by meters and not by centimeters; but in any ordinary season the 

observer may confidently expect to find the thermocline about where he found it in 

previous years. It may be a little higher or lower, but the thickness of the epilimnion 

in the same lake will always be of the same order of magnitude. 

Thermocline.—We understand by the thermocline that thermal region of the lake 

lying immediately below the epilimnion, in which the temperature falls rapidly. This 
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word was proposed by the senior author of this paper in 1897 as an equivalent for Richter’s 

term ‘“‘sprungschicht,’’ and was so defined. In this sense it has been included in the New 

Oxford Dictionary and also in the Century Dictionary. In 1912 Wesenberg-Lund @ 

redefined the word so as to restrict it to the meter of maximum fall of temperature, 

retaining the word “‘sprungschicht”’ for the larger stratum. We see no sufficient reason 

for this change, which would force a writer in English to invent a new equivalent for 

““sprungschicht”’ or else employ some long paraphrase for that term, such as Wedder- 

burn’s ‘‘discontinuity layer.’”’ We therefore retain the term ‘‘thermocline” in its 

original sense, in which it has been adopted by English dictionaries. 

The terms ‘“‘epilimnion,” “thermocline,” and ‘‘hypolimnion”’ are derived from 

that thermal condition of the lake which extends from early midsummer to the beginning 

of the homothermal period in autumn. Like all conditions that arise as a result of 

growth, this one comes on gradually, and its beginnings are not easy to define. In this 

paper the situation is treated and discussed as it appears in late summer during the 
equithermal period. Table 11 shows that the thermocline in the six major lakes (or 

seven with the addition of Green Lake, Wis.) was from 5 to 9 meters thick; that the 

fall of temperature in it was from 7.3° to 12.3°; and that this fall represented from 

about 40 per cent to nearly 80 per cent of the difference of temperature between the 

surface and the bottom of the lake. In the smaller lakes it is 4 to 6 meters thick, but 

contains a decline of temperature nearly as great as that of the larger lakes and one 

which represents a higher average percentage of the total fall. 

These figures have little significance in their details; since, as already stated, the © 

thermocline is subject to constant alterations of thickness due to the oscillations of the 

water of the lakes. These changes may continually and rapidiy alter the average rate 

of fall of temperature, and the total number of degrees included in the thermocline; the 

position of the meter of maximum descent of temperature, and the amount of fall 

included in it. The figures therefore represent in their range of variation about what 

might be expected in lakes of this size under average conditions of summer weather. 

Any of the major lakes might, under suitable conditions, show a thermocline like that 

of any one on the list. 

The general result, however, shows more than the single observation. The thermo- 

cline lies deeper in the larger lakes than in the smaller, and on the average is over 1.5 

meters thicker. This region represents the stratum in which the effects of the direct 

wind circulation die out, just as the epilimnion is the stratum in which a direct wind 

circulation is made possible by the cooling effect of night and of cool periods. It might 
be thought that in the larger lakes the greater influence of the winds would make the- 

descent of temperature in the thermocline more gradual. ‘This is true to a limited 
extent, as is best seen in the thermocline of Seneca Lake. It is more evident when large 

lakes are compared with very small ones. In general, however, the greater effect of 

wind in the larger lakes is rather to increase the thickness of the epilimnion than to 

@ Bronsted, J. N., and Wesenburg-Lund, C.; Chemisch-physikalische Untersuchungen der danischen Gewidsser. Inter- 

nationale Revue der gesamten Hydrobiologie und Hydrographie, bd. 1v, 1911, Biologisches Supplement, sr. 0, p. 262. Leipzig, 

IQII-I2. 
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modify the character of the thermocline. This means that as soon as the thermal 

resistance to mixture is strongly felt the work of the wind is rapidly cut off, more slowly 

in the larger lake, but not at all in proportion to its increased size. , 

The last column in table ur under the head of thermocline gives the temperature 

at the bottom of that region. It will be noted that these temperatures differ and show 

no relation to the temperature of the ground water. 

Hypolimnion.—In the hypolimnion the temperature falls at first rapidly; then 

more slowly, the curve approaching a straight line. The lower part of the very deep 

lakes may have a temperature nearly, or quite, the same through a considerable thickness 

of water. ‘The division between thermocline and hypolimnion is not very definitely 

marked and is variable. The division of heat between these two regions is correspond- 

ingly uncertain. 

If similar climatic conditions are assumed, the temperature at the bottom of the 

lake varies with two factors, the size and the depth of the lake. On the size of the lake 

depends the efficiency of the wind until a certain area has been reached: This we have 

placed at the length of about 10 kilometers for lakes with a mean depth of 30 meters or 

more. Six of the Finger Lakes reach or exceed this area and depth, and therefore have 

the maximum bottom temperatures possible under the conditions of the season of obser- 

vation. Iwo of the lakes, Canadice and Otisco, are both too small and too shallow to 

permit the wind to have the maximum effect; and two others, Conesus and Hemlock, 

are too shallow. 

In the six larger lakes the bottom temperature in general follows the depth of the 

- lakes, the shallower lakes having a higher temperature. In 1910 it varied from 7.0° in 

Owasco Lake to 4.2° in Seneca Lake; and in r9rz from 5.3° to slightly above 4° in the 

same lakes. Owasco and Keuka Lakes have nearly the same maximum depth, but the 

bottom temperature of Keuka Lake is decidedly lower than that of Owasco in spite of 

its much greater length. This is due to the same cause that produced the thin epilimnion 

in Keuka Lake (p.551). Skaneateles and Canandaigua Lakes, which have substantially 

the same length and depth, have also closely similar bottom temperatures, while the two 

larger and deeper lakes, Cayuga and Seneca, follow in the order of their depth. 

In ror all of the bottom temperatures were lower than in 1910. ‘The difference 

was almost the same in Owasco and Keuka Lakes (1.7° and 1.6°, respectively), and the 

same is true for Skaneateles and Canandaigua Lakes (1.0° and 1.1°, respectively). Cayuga 

Lake was about 0.3° lower in 1911 and Seneca Lake was between 0.1° and 0.2° lower. 

In 1911 the temperature of Seneca Lake below 100 meters was very little above 4°. 

The mercury was slightly above the mark, but the reading would be less than 4.05°. 

Our deep-sea thermometer was not provided with an accessory thermometer for giving 

the temperature of the mercury at the time of reading and so making correction for the 

expansion of the mercury in the tube. It is therefore not improbable that the true 

temperature of the bottom water of Seneca Lake in 1911 was slightly below 4.0°. 

The widely different temperatures of the hypolimnion in 1910 and 1911 undoubtedly 

reflect the difference of the weather in the spring of those years, though there are no 
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direct observations to support the conclusion. In 1910 March and April were warm 

and May was unusually cold. The average of reports of the weather stations at Auburn, 

Geneva, Hemlock Lake, and Ithaca, all of them in the Finger Lake district, show that 

April, 1910, was 2.7° C. warmer and May 1.7° C. cooler than the average temperature 

for those months. In 1911 these conditions were exactly reversed; March and April 

were somewhat, but not greatly, colder than the average, and May of that year was 

exceptionally warm. ‘The average of the four stations named shows for April a deficiency 

of 0.4° C. and for May an excess of 4.1° C. This excess was more noteworthy since the 

first five days of the month were much colder than the average for that period. 

The high temperatures of the hypolimnion and the bottom water in 1910 and their | 

lower condition in 1911 were due to these differences in the weather. The exceptional 

heat of May, 1911, caused the surface water to warm so rapidly that it prevented the 

distribution of heat to the deeper water, while the earlier part of the season was so cool 

that the lakes had warmed but little when the warmer weather began. In 1910 the 

high temperatures of March and April came while the lakes were still below 4°, or close 

to that temperature, and the cool weather in May favored the distribution to deeper water 

of the heat acquired earlier or during that month. 

Owasco Lake in 1912 hada bottom temperature slightly higher than in 1910, and that 

of Skaneateles Lake was much above that of 1910 (see p. 565). No definite general 

features of the weather in spring can be assigned as the cause; and this is commonly 

the case, since bottom temperatures ordinarily depend on special events in the weather 

rather than on its general character. 

A word may be said regarding the temperature seiche as an agent for warming the 

hypolimnion. No observations have been made as yet which show that the temperature 

seiche has any noteworthy influence in this direction. The warming of the bottom 

water is effected chiefly in the early part of the season, before the thermocline is estab- 

lished, and while the differences in temperature between surface and bottom are slight. 

Under these conditions the direct effect of wind is great and that of the temperature 

seiche is nonexistent or feeble. When the epilimnion has been formed and the tempera- 

ture seiche can operate vigorously, the thermocline forms the zone of friction, or mixture, 

of the cooler and warmer water. Its mean descent is very slow, so far as observations 

have told the facts, after it gets far enough down to escape the ordinary direct influence 

of the wind, until it begins to sink again in consequence of the autumnal cooling of the 

lake. Thus it appears that but little work is done by the tenperature seiche in carrying 

the warm water downward, and this work, whether great or small, is mainly expended in 

extending the lower limits of the epilimnion and has little, if any, effect on the lower 

water. 

WINTER TEMPERATURES. 

Seneca and Cayuga Lakes are rarely frozen over except at the ends, and to a small 

extent along the shores. Local records show that Cayuga Lake was completely frozen 

in the following winters: 1796, 1816, 1818, 1836, 1856, 1875, 1884, 1904, 1912.7 The 

@ The Auk, vol. 29, 1912, p. 438. 
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length of time that the ice remained is not stated. Seneca Lake has the following 

record: 

1855, closed February 24, opened March 1s. 

1875, closed February 9-10, opened March 14. 
1885, closed February 24, opened March 6. 

1912, closed February 11, opened March tro. 

Partially closed: 1856, 1865, 1904. Skimmed over with thin ice in spring: May 7, 1829, 

May 4, 1856, May 5, 1861, May 15, 1872, May 6, 1873, April 26, 1884.7 We are not 

sure that this spring freezing extended over the entire expanse of the lake. 

The other lakes freeze regularly, though the central parts of deeper ones may 

remain open in mild winters. Freezing usually occurs in January or early February. 

Table 111 gives the important facts for the winter observations made on these lakes. 

The surface temperature of the lakes which were frozen is that of the water which rose 

in a hole cut through the ice. The temperatures of the frozen lakes are no doubt subject 

to less error than are those taken in the open water and more closely represent the mean 

température of the water of the lake. But the lakes were visited during a rather warm 

and calm period, so there is no reason to believe that any are seriously wrong. 

The temperature of Owasco Lake seems very low in 1911, but table 1x (p. 560) 

shows that the lake had lost the same amount of heat per unit of surface as Cayuga 

Lake. In the same table losses of heat in Seneca Lake seem to be low and those of 

Skaneateles Lake are high. Yet until we know the range of winter temperatures there 

is mo reason to suspect serious error in either. In 1911 Skaneateles Lake was only 

partly frozen and the process of cooling was still going on. In 1912 the lakes all froze 

over early on account of the unusually severe winter and this fact would lead us to 

expect rather high temperatures for the water of the lakes observed at that time. 

TABLE IV.—WINTER TEMPERATURES. 

ues Temper- | Temper- 
Lakes. Year. Condition. ature, ature, 

surface. | bottom. 

° ° 

Cayuga 9 I oO 5 os CAAA SOG TRIE cay DAMES fae COU NCTE SOP OLED EIR TESTOR COREA Te APE Mion ops SEE Ci OI PETE cei bree 2.00 2.75 
NOSVASCO MEN ER Ma a cheers erie ieyel rate iniviarelaicie es cieteisclcie dicta slac's ha Metiseer tie ce tacts mort | Frozen........ +10 1.20 
(OVALE wa dc bot ISOS PN IOUD) DE OD AOC ROD Ipod LON OME OBO T AIOGDA OOO Ne ODDO AODEECn oa Oar WOW Vopoan: AOsrasitet oats 80 2.25 
PUES APM Mee L eC IR ertelersen creates etebetsterer a aterataPouteten staratnie nyecoten Ste leinle atere\e oieleqatere-Wvehaltyustavermvatavacs torr , Open......... 3-25 3:50 
LE BEETS] Sc aod sa «isi ofas eat wis ap uatars vs a ate tas aig Se ARO rr ee seers Bac DELON ARR E RTS I9g12 Partly frozen. . -70 41.20 
RIEICAECIES TEC Se Rye eae ae tie oe me ETM ee pete ited: crt etc sat ease igt2 | Frozen.,...... 1.00 b3.10 

4 so meters. b 75 meters. 

MEAN SUMMER TEMPERATURE. 

From a series of temperatures taken in the deepest water of the lake, the mean 

temperature of the water of the lake may be computed. If the mean temperature of 

each stratum is multiplied by the per cent of that stratum in the total volume of the 

« Data from Prof. E. H. Raton, Hobart College, Geneva, N. Y. 

46512°—_14—3 
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lake and the several products are added, the result will show the mean temperature 

of the water. ‘This is shown by the following example: 

TABLE V.—METHOD OF ComMPUTING MEAN TEMPERATURE OF LAKE: CANANDAIGUA LakKE, AUGUST 

20, IQIO. 

Depth in | Temper- 
GS aeirel Volume. | Product. 

Per cent. 
o-I0 21-30 O- 221 4. 707 

10-20 14-50 - 184 2.668 cad 
20-30 7-40 -165 I. 221 
30-40 6.25 147 907 
40-50 5-85 -126 © 737 

50-60 5:75 +094 +540 
60-70 5-65 -049 277 
70-84 5-45 - O14 076 

Mean temperature (Tms)= Il. 13 

These results are, of course, accurate in proportion as the temperatures recorded 

give a fair picture of the mean temperature of the several strata and in proportion as 
the hydrographic survey gives a correct account of the volume of the lake. Extreme 

accuracy can not be claimed in this case for either factor, but the results are approxi- 

mately correct. 

The question has been recently raised, whether a single series of temperatures can 

give a correct idea of the mean temperature of the water of the entire lake. Ina 

recent review Halbfass® states that the presence of the temperature seiche makes clear 

“die Bedeutungslosigkeit einer Beobachtungsserie in vertikaler Richtung in einem 

vereinzeltem Punkt eines Sees.”” This statement is entirely too strong, according to 

my observations, and, indeed, Halbfass in a later paper modifies the statement. No 

one in recent years would have believed that a single set of observations, or even 

numerous sets, made at one end of a lake would show the mean temperature of the 

water, least of all would such a series be trusted if taken during a windy period. This 

was true long before the temperature seiche was known. Our recent knowledge of the 

temperature seiche shows that conditions similar to those called out directly by wind 

may exist at almost any time on account of the oscillations following the influence of 
winds; hence comes need for increased caution; but it is by no means clear that a single 

series of temperatures taken under ordinary weather conditions, at or near the center 

of oscillation of a lake, are ‘“‘without significance.’”’ No one would claim minute accu- 

racy for a result based on such a series; but there is as much reason as ever to believe 

that from such a series there can be derived a temperature for the water of the lake, 

which though not minutely exact, is approximately correct—close enough for all pur- 

poses of a general discussion. The result is of the right order of magnitude, as the 

following instances show. 

We can not find that many observers have taken series of temperatures with a 

view of testing the accuracy of results derived from a single series near the middle of 

@Halbfass, W.: Internationale Revue der gesamten Hydrobiologie und Hydrographie, vol. v, 1912, p. 471, Jan., 1913. 
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the lake as compared with a mean temperature derived from numerous sets of observa- 

tions, but we have done much work with this end in view. In the New York lakes, 

series of three or four sets of observations were taken along the axes of three lakes. 

The results are shown in the following table. In each lake the stations are named from 

south to north; the mean temperature is computed to the depth of the water at the 

end stations; and the result from the center station is placed in italics. 

TABLE VI.—MEAN TEMPERATURES OF LAKES AS COMPUTED FROM THE SEVERAL SERIES OF 

OBSERVATIONS, AND FROM THEIR MEAN. 

Lakes. Year. A. B. (G D. Mean. 

| 

Canandaigua ecb etd. cients state Sab ae bees weal ar ds Tals anaes Meee 1910 II. 94 12.00 (2b ell ban petatias 12. It 
1DWag didn doo goes eo Hoo oaHAadnO oUnduaT anneged so dosbedsndooUoseOD IOI 12.17 12.27 I2.1 II. 96 12. 00 

UV ASCOM Gs ae Fekete tetas o Eies a fepeh Natale ecllotesy PB ai stern bbe SEE neti dias IgiI - 15-34 5.13 14. 80 14. 82 15-07 

EXPLANATION OF TABLE.— The first series is computed to the depth of 50 meters; the second, to 4o meters; the third, to 30 

meters, this being the depth of the lake at the end stations. Figures in italics indicate the center station. 

Fic. 7.—Mean temperature of Green Lake, Wis. From observations at center of lake in 1911. Computed to depth of 60 meters, 

the maximum depth at the center. All temperatures lie between 11°, or slightly below, and 12°. ‘The position of the dots 

along the horizontal axis of the diagram indicates the day and hour of the observation. 

The above table shows that the mean temperature deduced from the center series 

differed by less than 1 per cent from that derived from three or four series. Similar 

results have been reached in more numerous cases in the Wisconsin lakes. In Lake 

Mendota in 1911, 1912, and 1913, observations were regularly taken at 10 to 12 different 

stations so placed as to give the distribution of heat in this lake, which is 9 kilometers 

long, 6 kilometers wide, and 24 meters deep. In series taken during these years at 

approximately regular intervals of time on 36 dates from June to September, the maxi- 

mum departure of the mean temperature derived from the 1o or 12 series from that 

derived from the single series at the center was less than 3 per cent and this was 

reached only once; and the mean departure was less than 1 per cent. The maximum 

differences were in June, when the lake was warming, and the distribution of heat was 

more irregular than later. In July, August, and September, the maximum departure 
was about 1.5 per cent and the mean 0.8 per cent. 

In five similar series taken in Green Lake, Wisconsin, the maximum departure of 

the mean temperature derived from the middle series and that derived from all was 

5 per cent and the mean was less than 2 per cent. 

From July 26 to August 5, 1911, observations to determine the temperature seiche 

were made on Green Lake. During this work 83 series of temperatures were taken at 
the middle station. The results are shown in figure 7. 
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The diagram shows variations between the several observations; and also displays 

a slow but steady warming of the lake, as would be expected at that date. But for all 

purposes of a general discussion any one of these results might have been taken as 
representing the temperature of the lake quite as well as their mean, or as the mean of 

the several series of observations taken during this period at points along the whole 

length of the lake. 

This general result has been found to be true for observations taken at this time 

of year in all lakes during many years. It is therefore fair to conclude that the mean 

temperature of the water of a lake of simple form in late summer may be derived from 

a single series of observations taken at or near the center of oscillation of the water. 

In the New York observations the least satisfactory series is that of Skaneateles 

Lake in 1911, when time did not permit me to go to the center of the lake. Seneca 

Lake offered the least favorable situation for taking the temperature in that the deepest 

water of this lake lies to the south of the center, about one-third of the distance from 

the south end. At so great a distance from the middle the water is subject to consid- 

erable oscillations. During 1910 five series of temperatures were taken from August 2 

to August 9. The mean temperature as deduced from the separate series ranged from 

7.37° to 8.05°, with a mean of 7.71°—a variation of about 4.5 per cent on each side 

of the mean. ‘This variation was wholly due to variations in the apparent distribution 

of the heat and not to actual changes of temperature in the lake, since the temperature 

of the o-10 meter layer was practically constant at 19.5° to 19.6°. The 10-20 meter 

stratum varied from 13.2° to 16.3°—enough to give a difference of 0.28° in the mean 

temperature. The 20-30 meter stratum varied from 7.3° to 10.2°, which would give 

a variation of about 0.25° in the mean temperature. Thus the oscillations in the stratum 

between 10 meters and 30 meters account for about 80 per cent of the range of the tem- 

perature, and relatively little is due to changes above or below the depths named. ‘This 

variation is considerably greater than would be expected in case of the other Jakes in 

which temperatures were taken at the center, or several series were taken along the 
axis of the lake. 

The following table shows the mean temperatures of the lakes as deduced from the 
observations taken, both for summer and winter. 

TABLE VII.—MEAN TEMPERATURE OF THE WATER OF THE NEW YORK LAKES, AS OBSERVED IN 

SUMMER AND IN WINTER. 

Dakes Tm? Tmv Tm, TmyY, Tm: 
Igto. IgItt IgtIl. Igi2 Igrz2, 

Cara dice so 556: tay jaguccoaele isa vsopavw wiaysieraih oie tonere GIR sicker LSI MRL oca tee ee LOS 28a aa sys nialavel| ss nym cos arese, Stovall nfelauuate seve RiP 
Canandaigua’ won. s. Bese ee Beh base goto When Hare tomes oa RU RE Ree RETO sae LINOP oP seek D909 [ovecds avon see eeee 
Saya as og cyeisulte on sae ns A roe eec Eee SE OEE Loe reson 9. 26 2. 23 Be. OA) |fossierekekoumeessel aieticte ae 
DCT Oe ae eee oe Ge Re ere eats SOMERS AOC Cras aa 5.0.5 Swot RC Taek) Rates aha WE: ABT loses ce male hearer 
QELS CO sis Sis-sia oie apdciny sicpare a alae ates apo ptronaegetchecere Mick a ORR ca een ae Tee Phi Ke locoeadonto onean acetone GonOrel ton aco sans 
OMWASCON. hi Rhye ERER Ae Sy PO EERE Se RAG AR FAROE A eee sto 13-59 0. 83 12. 86 1.49 13:93 
SOMO CA circ Ae sue ho aoe Sant on a Ae EL er en ae REE an ni eieeeene 7. 71 3:39 LACM Acobor Auld racecr 
Skaneateles: AI, Ala SEAN ne eed aes ees ee SRI ig Io. 10 I. 10 ro. 84 2.39 @ to. 2 
Geena Wisi)’ safes ati ca ake ai zave breveuacace eachnd acevenseate erate Oe ist aS ERR Oe aoa ie II. 90 2.13 Ir. 42 | I. 74 11.96 

@ Oct. 18, and therefore below T'ms. See p. 565. 
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Table vir shows that the mean temperature of the deeper lakes is lower in summer 

and higher in winter than that of the shallower, and that the difference between sum- 

mer and winter temperatures (or the annual range of temperature) is smaller in the 

case of the deeper lake. This must obviously be true if lakes are similar in other respects 

but differ in depth.“ The relation in these lakes between area, depth, and mean tem- 

perature is much more interesting than this simple statement indicates and will be 

described on a subsequent page. 

ANNUAL HEAT BUDGET. 

Forel was the first limnologist—first in this as in so many other matters—to deter- 

mine the amount of heat absorbed by a lake. He computed the number of calories 

necessary to raise a column of water of unit base in the deepest part of the lake to the 

temperature found in summer and he compared on this basis the amount of heat gained 

by different lakes. This method obviously permits accurate comparison only between 

lakes of similar area and depth. Halbfass in 1905 improved the method in that he 

determined the mean temperature of the whole mass of the water of the lake. Knowing 

the volume of the water he was able to compute the total number of calories contained 

in the lake and also those gained or lost by the lake as it warmed or cooled. In an 

elaborate paper he gave the result of this method as applied to many European lakes.? 

If this method is employed it is still necessary to select for comparison lakes of similar 
area and volume. 

In our judgment, if the heat budgets of lakes are to be compared at all, it is best 

to employ units of measurement of such a character that all lakes may be compared 

with each other, and such that this comparison may, if possible, reveal the relation of 

area and depth to the amount of the heat budget as well as the relation of geographical 

position and climate. Since all heat is taken in and given out by the surface of the 

water it seems best to us to express the amount of heat in the water and its variations 

in terms of calories per unit of that surface; and on the whole we have decided to 

employ the same units as those used by the meteorologist for measuring the energy 

received by the earth from the sun—the gram-calorie and the square centimeter. 

If the mean temperature of the water of a lake is known, it is easy to compute the 

amount of heat which was received by the lake in order to produce this temperature. 

If the mean temperature of the water is multiplied by the mean depth in centimeters, 

the result will be the number of gram-calories which the lake must receive on each square 

centimeter of its surface in order to raise the temperature of the water from 0° C. to the 

temperature observed. ‘The following table gives this result for the six major New York 

lakes and also for Green Lake, Wisconsin. 

@¥or a clear statement of this see Wedderburn, E. M., Temperatures of Scottish lochs, in Bathymetrical survey of the 

fresh-water lochs of Scotland, vol. 1, p. 97, r910. 

b Halbfass, W.: Ergebnisse neuerer simultaner Temperaturemessungen in einigen tieferen Seen Europas. Petermanns 

Mitteilungen, 1910, bd. 1, p. 59. 
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TABLE VIII.—CaALORIES PER SQUARE CENTIMETER OF SURFACE REQUIRED TO RAISE TEMPARATURE 

OF WATER OF LAKE FROM ZERO TO SUMMER TEMPERATURE. 
. 

aides Dm. Tms Calories Tms | Calories 
F meters. I9I0. I9I0. IQIl. IQIt. 

Canandaigiia, 2.9. p02 8Qee eee. . De ae ate De, See ee ee ee” 38.8 II.07 43,000 9-99 39, 000 
CA VN a ivistie cfs 5 esh anita ageere As tay sores apes hls be Arado SOO EOE EC eS ee 54:5 9: 26 50, 000 8.94 49, 000 
KReetikcat, Sea ee a en Cees, Aree eee ee eee ae 30: 5 12.17 377) 000 Iz. 48 35,000 
LOXVECT SCREEN ES aeRO eee ee eR ERTCIA Avon ARES Gaia careBlo ound n coda don adic mince 29-3 13-59 40, 000 12.86 38, 000 
Seme cash... sha. ies ae ALS Ss AA Re RR ee Oe ee RT SEE TEC EY, SOR ee 88.6 TOURS 68, c00 7-35 65, 000 
Skaneateles:..<.5...0is0 tad d perc ycis pe eke eo ee Oe nee ae | 43-5 Io. 10 44,000 Io. 84 47, 000 
Green !(Wisconsin)?&. 5280 eel eee Oe eR OCRE eet eat 33-1 | ° I-90 39) 000 II. 42 38,000 

It will be seen that the order of the lakes is substantially the same in each year 

and that the order is that of their depth, as was the case also with their mean tempera- 
tures. Keuka, Owasco, and Green Lakes, whose depths are nearly the same, are very 

close in the amount of heat which they have received. Keuka Lake is the lowest in 

both years, a result due, like the thinness of the epilimnion, to its sheltered position. 

This result represents what may be called the gross heat budget. It can be readily 

computed but it is of very little value since it does not represent any actual gains of 

heat. The winter temperature is never as low as zero, and other things being equal, it 

will be higher in the case of the deeper lake. The most important fact to be known is 

the annual heat budget of the lake—the amount of heat necessary to raise its water 

from the winter to the summer temperature—and to determine this we must know 

both the minimum and the maximum temperature of the water. In case of a lake whose 

surface freezes, the minimum temperature is that at the time of freezing, although in 

case of a large lake no great error would result from using any temperature taken during 

the ice period. In case of a lake that does not freeze, the date and value of the minimum 

temperature can be ascertained only by a study of the lake during the winter, but a 

series taken in February will not be far wrong. Such observations were made on four 

of these lakes in the winter of 1910-11 and two in the winter of 1911-12, with the 

results shown in the following table. The minimum temperature derived from obser- 

vations taken in a single winter may be compared with the temperature both of the 

preceding and following summer; and thus two results can be obtained from three sets 

of observations. ‘This method has been followed in the table. 

TasLe 1[X.—DIFFERENCE BETWEEN SUMMER AND WINTER TEMPERATURES OF THE SEVERAL LAKES. 

[Annual heat budgets stated in gram-calories per square centimeter of the surface of the lake.] 

Tms Tm Tm: Tm 

Dm | Tm | Tm | Tms | Tm | Tms | 797° _ | Calo- | _ 797 | Calo- | 797% _ | Calo- | 79%? | Calo- 
Lakes. minus . minus . minus * minus Fs 

meters.| roro. | rorr. | r9rr. | ror2. | 1912. | an ries. TimW Ties. Thm ries TimW ries 

IgIt. IgII. IgI2. 1912. 

Cayuga....... 54:5 9. 26 2-23 EHEY Vagonocdlonoo0ce 7.03 | 38,200 Hein Re hikes) ||doanodnallacatoduniesocndcdlbeonséas 
Owasconne..: 29-3 | 13-59 - 83 | 12.86 I-49 | 13-93 Ie. 76 | 38,900 I2.03 | 36,600 II-37 | 34,700 12.44] 37,900 
Seneca........ 88. 6 7.7L 3°39 Foes |saoanocllacnocsn 4-32 | 38,300 ol cope Creal Isennouo nl Socodas oosGursiopoos as 
Skaneateles,...] 43-5 | 10.10 I-10 | 10.84 2.39 |@Io. 21 9.00 | 39, 200 9:74 | 42,400 8.45 | 36,800 | 27.82 |%34,000 
Green (Wis.)..| 33-1 | 11-90] 2-13 | 11-42 | 1-74 | 11-96 9-77 | 32,200 9.29 | 30,600 9.68 | 31,900 | 10.22] 33,800 

a Taken Oct. 18, and therefore below Tm’. See p. s6s. 



A LIMNOLOGICAL STUDY OF THE FINGER LAKES. 561 

The table shows a surprising agreement of the heat budgets of the four lakes com- 

pared in 1910. The difference between the highest and the lowest result is only 1,000 

calories, or less than the heat which may be furnished to the surface of the lake on a 

bright summer’s day. The agreement in 1911 is nearly as cl.se, with the exception of 

Skaneateles Lake, and the temperature of that lake was taken at some distance to the 

north of the center and may possibly be too high, though this result does not appear 

in the comparisons for 1912. (See also p. 565.) It would be expected that individual 

variations much greater than 1,000 calories would occur, since both the maximum and 

minimum temperatures must vary, and if in any individual case a high maximum and 

a low minimum came in the same season very considerable differences in the heat 

budget might be present. 

The table also shows that the heat budget of successive years is strikingly similar 

in the case of the same lake. ‘This is especially noticeable in the case of Owasco Lake. 

It also appears that the heat budget is independent of the depths of the lakes, and also 

of their other dimensions within the limits of the lakes compared. , 

The table seems, therefore, to warrant the following conclusions: 

1. The annual heat budget of the major New York lakes lies, in general, between 

35,000 and 40,000 gram-calories per square centimeter of surface. It may fall below 

the minimum or rise above the maximum stated, but in general the figures will fall 

between these numbers. 

2. For lakes of the form and size of these the heat budget is apparently independent 

of surface dimensions between the limits of 16 and 60 kilometers of length, and is inde- 

pendent of depth between the limits of 30 and 90 meters mean depth. It is probable 

that a lake much shallower than 30 meters would have a smaller heat budget, but a 

greater depth than 90 meters would produce no effect. 

3. Green Lake, Wis., shows results constantly lower than the New York lakes. 

This is due rather to a high winter minimum than to a low summer maximum. It 

seems right, therefore, to place this lake in the same general class as the others and to 

state the following law: 
Inland lakes of the first class include those whose area and depth are such as to 

permit the maximum annual heat budget possible under the weather conditions of the 

season. Such a budget for lakes in the climatic and topographical conditions of the 

eastern United States ordinarily equals or exceeds 30,000 gram-calories per square 

centimeter of the lake’s surface, and ordinarily lies between 30,000 and 40,000 gram- 

calories. Such lakes, under the conditions stated, will be 10 kilometers or more in 

length and will have a mean depth of 30 meters or more. 

This statement applies to lakes of simple outline whose length is five or more times 

their mean breadth. Lakes of irregular outline can not be compared with those of simple 

shape, and lakes whose proportions are essentially different from those given are not 

present in this region in sufficient numbers for study. 

4. It is obvious that for more accurate results a careful study of the temperatures 
of these lakes must be made, so that a mean temperature curve can be determined for 

each lake and compared with the temperature of the air and with the heat derived from 
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the sun. Such a study will warrant far more definite conclusions and will probably 
modify details of the statement given above; but the work would consume several 
years and would require the combined efforts of many observers. 

WIND-DISTRIBUTED HEAT. 

The heat budgets of lakes can also be profitably compared in another way, which 

avoids the necessity of knowing the winter minimum temperature. 

The gains of heat in a lake of the temperate type may be divided in two parts, those 

below 4° and those above. So long as the temperature of the water is below 4°, the sur- 

face water becomes denser as it warms; it tends to sink and thus carry the heat into the 

deeper water. The increase in density is small and the movement, if not aided by the 

wind, would be slow; but, under the meteorological conditions of early spring, gravity 

and wind together distribute the warm surface water very rapidly through the water of 

the lake. Thus there results a rapid and uniform warming of the water. During cold 
periods the lake loses heat; but since the surface water is only slightly warmer, if at all, 

than the lower strata, and since any cooling of the surface produces an inverse stratifica- 

tion, the losses which occur during such periods and during the night are ordinarily not 

great. ‘Thus under usual conditions a lake moves rapidly and steadily up to the tem- 
perature of 4° during the spring. 

But after this point is reached the situation wholly changes. Increase of tempera- 

ture in the water means decreased density. Gravity, so far from being an aid to dis- 

tribution, becomes an opponent; and the wind is left to do substantially the whole work 

not only without the aid of gravity, but against the resistance which gravity offers. 

This resistance is least at 4° and grows with increasing rapidity as the temperature 

rises above 4°. It follows that the action of the wind is most effective in early spring 

and becomes less efficient as the season advances and the lake warms. In April, and May 

also, the mean temperature of the air is above that of the surface of the lake, and losses 

of heat to the air are at a minimum. ‘Thus in ordinary seasons by far the greater part of 

the heat which sun and sky furnish to the surface of the lake in April may be stored in its 
water and is easily carried to considerable depths. The amount thus stored has never 

been measured for the New York lakes; but for those of Wisconsin as much as 80 per cent 

or even more may thus be accumulated during April, and during May from 50 to 60 per 

cent of that which reaches the surface. 

As the season advances the mean temperature of the surface rises above that of the 

air. ‘The thermal resistance of the water to mixture increases and the mean velocity of 

the wind declines. The gains of heat fall off correspondingly. Not more than 15 or 20 

per cent of the heat which falls on the surface of the lake is stored up in June, perhaps _ 

not more than 5 per cent in July, while in August the gains and losses of heat nearly 

balance.% 
But during much of this period of decrease in storage, the quantity of heat delivered 

to the surface of the lake is increasing, that for July being ordinarily near the maximum 

@ The general principles of this statement hold for all lakes. Numbers and dates will vary somewhat with the area and depth 

of the individual lake. 
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for the year and that for August not greatly below this. It follows that there is a great 

surplus of heat, potentia'ly available for warming the lake, which is lost to the lake 

because the means for distributing it are inefficient. 

If 40,000 gram-calories represents the maximum heat budget of such a lake, this 

is little more than half the amount of heat delivered by sun and sky between April 1 

and August 31. If 25,000 to 30,000 gram-calories represents a fair average for the wind- 

distributed heat, this again is less than half the heat delivered during that part of the 

warming period after the water of the lake has passed 4°. 

The following conclusions are therefore warranted: 

1. All lakes, whatever their area or depth, are on an approximate equality so far as 

their capacity for absorbing heat is concerned until their water has reached the tempera- 

ture of maximum density, or 4°, and this temperature is reached by all lakes early in the 

open season. 

2. The amount of heat absorbed after the temperature of 4° is passed, depends 

primarily on the efficiency with which the heat is carried from the surface to the deeper 

water, and this work is mainly effected by the wind. 

3. If we compare the gains of heat above 4° made by different lakes, we compare 

their wind-distributed heat, and so are able to compare the efficiency of their means of 

distribution. If the climatic and topographic conditions are similar, the efficiency of 

the means of distribution will increase with the dimensions and the depth of the lake up 

to a certain point. 

4. Since lakes reach the temperature of 4° early in the season, a comparison of their 

gains above 4° serves much the same purpose as a comparison of their annual heat budgets. 

To these statements there are several qualifications, none of which have been worked 

out quantitatively and only one of which need be stated. 

The amount of heat needed to raise the temperature of a lake from its winter con- 

dition to 4° may vary very greatly, especially in case of lakes that freeze. It is probable 

that more complete observations will show a greater proportionate range of variation in 

the amount to which lakes cool below the temperature of 4° than in the rise above 4°. 
The following table shows the facts for the lakes in question. 

TABLE X.—CALORIES PER SQUARE CENTIMETER OF SURFACE REQUIRED TO RAISE WATER OF LAKES 

FROM WINTER TEMPERATURE TO 4° AND FROM 4° TO SUMMER TEMPERATURE. 

| Calories, Calories, Calories, Calories, 
Lakes. | fmwto4°, | 4° to Tims, | Tmwto4’, | 4° to Tm, 

I9Ir. IQIO. IQI2. IOII. 

RUT aterm oe incarnate nik wa treatalalotree ch eGR TMG ie ridtaare routers rabie ted ata wale ny 9, 600 BSNOCON mac se tele tae 26,900 
PSV ARCO tie Prdcak sare es ada so vn heaters inv tae vena AY leery eas Fat de tepshegetatYaiatsterit-P9 9, 400 28, 100 7) 400 26, 000 
ROETLEC ARP yo ccin. vir Rene iae LMte et Tose aA LTR aC a eared tile fore ine Dest 5,400 PA OON | erate arereterelerset 29, 700 
DAN EALEL ES AA ON nis. rapt tetera tee eiemievole cratnlatioeadarciviescsevata lant ssslh avui gialdvaeceieieavasie a: 12, 600 26, 600 7,000 29,300 
METS re tan Talave oie ako ei lernpess tetnted eM Tatareakaese dace Soave ELTA at autal cle aeatie Monharotsalaedeis loceiaces shalécevaerens 6, 200 26, 000 7, 500 25,900 

It appears, therefore, that it may require as much as a month’s supply of heat, or 

even more, to raise the temperature of the lake from its winter condition to 4°. In 

such cases as that of Skaneateles Lake in 1910, it is possible that the lake may reach 



564 BULLETIN OF THE BUREAU OF FISHERIES. 

4° so late that the whole season of later warming may be thrown over into the period 

when days are long and winds are light. Thus there might be a correspondingly small 

amount of wind-distributed heat. As a matter of fact, this result did not happen in 
the case cited, since Skaneateles Lake gained its full quota of heat in 1911 and this will 

usually be the case. 

The last heat gained by a lake is in the epilimnion and therefore is near the surface— 

in the New York lakes not below 15 meters. The wind velocity from mid-July on through 

August is not essentially less than it is during the preceding six weeks. The surface is 

still receiving a great amount of heat, and the increasing length of the night adds to the 

chances of distribution. ‘Thus in general a lake gains by the middle of August all of the 

heat that the wind can get into its depths; and whether a lake starts to accumulate its 

wind-distributed heat two weeks or so earlier or later makes little if any difference in 

the general result. In any case the heat is supplied to the deeper water of the lake early 

in the season before the velocity of the wind has greatly fallen. 

TaBLE XI.—CaLORIES PER SQUARE CENTIMETER OF SURFACE NEEDED TO RaIse WATER OF LAKES 

FROM 4° TO SUMMER TEMPERATURE, OR THE AMOUNT OF WIND-DISTRIBUTED HB#arT. 

Dm. Tm "4, : Tm*-4, : Tm 5-4, A 
Lakes. aekers: Gre. * | Calories. “Bre. Calories. a Calories 

Ganand aigiiann ec he coe renin cea ee eee 38.8 7-07 27, 400 5-99 235200" | to cioia eve aiete | ele Ree 
Gayttgas doc cusa diigait eRe RR eis sR eos 54:5 5-26 28, 600 4-94 265 QO0})|'\-.5:cis/ea nietall sole cee ete 
Weak any. ir, crncc oh enecniactia nh ootnatiniae ceactememe ioe 30-5 8.17 24, 900 7-48 22; '8O0:| ..<..%e sienna create 
OWASCO I FA oO eels he 29-3 9-59 28, 100 8.86 26, 000 9-93 29,000 
STEN ant asecaurddedddoobooseo san bencuuouber ouecands 88.6 3-71 32,900 3°35 2057/7 OOH epsiaisis eiatenie|| eletelotatetptetete 
Skaneateles’. 3.60224 51 dee tk? Se pe 43-5 6.10 26, 700 6.84 ZONyOOn| |" emanate (e) 
GreeniGWiss) i. ccc ra cies Dee eaiion cearnerae 33-1 7-90 25,900 7.42 23, 500 7-96 26,000 

@ See p. 56s. 

Table x1 shows that Keuka Lake has the smallest amount of wind-distributed 

heat in both years and Seneca Lake the largest. So far as the former lake is concerned, 

it seems probable that this will be the regular condition, the narrowness of the lake 

and its steeper banks reducing the influence of the wind. It is not so certain that the 

result in Seneca Lake will be confirmed by further study, although this conclusion 

seems probable. No two lakes can be more nearly equal in area or similar in topo- 

graphical condition than are Seneca and Cayuga Lakes. But three factors contribute 

to give Seneca an advantage in gaining heat during the early part of the season— 

steeper slopes, greater depth, and greater volume. The result of these was that Seneca 
Lake absorbed more heat into its deeper water than did Cayuga in 1910. The water 

of Seneca Lake below 30 meters received 1,600 calories per square centimeter of the sur- 

face of the lake more than the corresponding water of Cayuga, and in 1911 the excess 

was about 300 calories. 

The steeper sides of Seneca Lake give it an advantage in distributing heat to the 

deeper water, since the large shoal areas at the north end of Cayuga Lake tend to keep 

the return currents near the surface; but the chief advantage of Seneca Lake is in the 

greater reduced thickness (p. 566) of its several strata. If the results for Cayuga and 
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Seneca Lakes are compared in table xu, it will be seen that the water of Cayuga Lake 

has a higher temperature than the corresponding stratum of Seneca Lake, but the strata 

of Seneca have the greater reduced thickness and so contain more heat. 

But for the present the most important conclusion from the table lies in the general 

fact that for lakes 10 kilometers or more in length and 30 meters or more in mean 

depth, the annual gains of wind-distributed heat are on the whole independent of area 

or depth and range from something below 25,000 calories to something above 30,000 

calories. It is not asserted that in these lakes different areas and depths have no 

effect. The contrary is true, as is shown above, but in general these effects lie within 

the range of the variation due to local conditions in wind and weather. No doubt 

under exactly similar conditions the largest and deepest lake will gain most heat, but 

the effects of area and depth are such that they may be overcome by variations of 

weather. In 1910, for instance, Owasco Lake, the smallest and shallowest of the New 

York group, stands third in the amount of heat, and in 1911 Skaneateles Lake is equal 

to Seneca Lake and is much above the far larger and deeper Cayuga Lake. 

From these facts we may give a second definition for inland lakes of the first class: 

In inland lakes of the first class the wind-distributed heat, Dm(Tm*’— 4), is about 25,000 

gram-calories per square centimeter of surface and usually exceeds that sum. Such 

lakes will be, under the climatic conditions of the eastern United States, 10 kilometers 

or more long and will have a mean depth of 30 meters or more. If such a lake falls 

below 25,000 calories, the deficiency will be due to exceptional conditions of topography 

or weather. If its gains rise above 30,000 calories, this result will also be exceptional. 

Further study is needed to make these statements more accurate in detail. Such 

study will show the presence and limits of the influence of area and depth within this 

class of lakes. 

In 1912 temperatures were read in Skaneateles Lake on October 18, too late for 

the maximum temperature of the upper water. The water at the bottom was 6.3°, 

much higher than in 1910 or 1911. The temperatures below the depth of 40 meters 

would be practically unaltered on October 18. If these are taken as they were found, 

and if we assume that the temperature of the water above 40 meters was the same in 

Ig12 as in 1910, then Im* for 1912 would be 10.72°. If we, in like manner, assume 

for 1912 the same temperature for the upper water as in 1911, then Tm* 1912 would 

be 11.33°. On the basis of the latter figures the maximum annual heat budget between 

Tm” rgir (1.10°) and Tm® 1912 (11.33°) would be 44,500 gram-calories. This shows 

that under favorable conditions the annual heat budget of these lakes may go as high 

as 45,000 gram-calories per square centimeter. The wind-distributed heat in 1912 

for Skaneateles Lake on these assumptions would be 29,200 gram-calories and 31,800 

gram-calories, respectively. 
DISTRIBUTION OF HEAT. 

Distribution to thermal regions (fig. 8).—The formula for the amount of wind- 

distributed heat is Dm(T'm*-4). The product is the number of gram-calories per 

square centimeter of surface which the lake must receive that its temperature may 
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rise from 4° to its summer temperature. In what proportion is this heat so received 

distributed to the three main thermal regions? 

In order to answer this question the mean temperature of each region must be 

known, and to determine this the reduced thickness of each region must be ascertained. 

On Cal gg00 G000 12000 16000 20000 24000 28000 32000 

Ail RB Fae 
P/E ee i | 40 

Fic. 8.—Distribution of wind-distributed heat in 1910, in Camadice (Cn), Owasco (O), Cayuga (Cy), and Seneca (S) Lakes. ~ 

Depth in meters; heat in gram-calories per square centimeter of surface of the lakes. Diagram extends to 100 meters. The 

curves of Seneca and Cayuga Lakes, from 50 meters to 100 meters, are repeated on a more open scale. (See p. 572.) 

In table x11 the column marked ‘‘Extent’’ shows the thickness of each thermal region 

as measured in meters below the surface of the lake; the column marked “R. T.” 

(reduced thickness), shows its thickness as referred to the area of the surface of the lake. 
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It is ascertained, like the mean depth of the lake, by dividing the volume of the water 

The reduced thickness of the region thus of the region by the area of the surface. 

differs from its mean thickness in that the reduced thickness of the region is in all cases 

referred to the area of the surface of the lake, while the mean thickness of a given stratum 

would be its thickness referred (ordinarily) to its own upper boundary plane. Table 

x11 shows the distribution of the calories received by a unit of the surface of the six 
major lakes to their thermal regions. 

TABLE XII.—SHOWING EXTENT AND REDUCED THICKNESS OF THE THREE THERMAL REGIONS IN THE 

Srx Mayor Lakes, THER TEMPERATURE, AND THE NUMBER OF CALORIES PER SQUARE CENTI- 
METER OF SURFACE OF THE LAKE DISTRIBUTED TO EACH REGION. 

[The sums of the calories in each lake may differ slightly from those given in the general table, owing to the different method 

of computation. ] 

: Ex- | _,| Calo- | Per 
Region. tent. R.T. | Tm-4. ries. | cent. 

CANANDAIGUA LAKE, 
IgIo. 

Meters.| Meters 
Epilimnion............ o-12 | 10.0 | 16.8 | 16,800] 61.9 
Thermocline,......... 12-20 5.6 9-3 5,200 | 19.1 
Hypolimnion,......... 20-84 | 23.1 2.43 | 5,200] 19.0 

Saratetcets 38. 7 7a10F.| 277200 |. .... 

CANANDAIGUA LAKE, 
I9II. 

Epilimnion............ o-12 | 10.0 | 15.5 | 15,500] 66.4 
Thermocline.......... 12-20 5-6 9.2 5,200 | 22.0 
Hypolimnion.......... 20-84 | 23.1 I-04 | 2,400] 11-6 

a Se 38.7 5-99 | 23,200 }...... 

CayuGa LAKE, 1910. 

Epilimnion............ o-15 | 211-8 | 15.5 | 18,300] 64.2 
Thermocline.......... 15-22 4-62 | 10.3 4,800 | 16.9 
Hypolimnion.......... 22-133 | 38-3 1-41 | 5,400] 18.9 

Pech oicterc 54.7 5.26 | 28,500 }...... 

CayuGA LAKE, 1911. 

Epilimnion............ 19,000 | 71.1 
Thermocline. 3,300 | 12.4 
Hypolimnion 4,400] 16.5 

26) 700 ||\5....=/ 

KEUKA LAKE, rgro. 

Epilimnion............ o-9 8.4 | 16.8 | 14,100] 56.6 
Thermocline.......... 9-15 4-9 9.2 4,500] 18.1 
Hypolimnion.......... 15-56] 17.2 3-45 | 6,300] 25.3 

Ris heidi 30. 5 8.17 | 24,900 |...... 

KEUKA LAKE, t911. 

Epilimnion............ o-11| 10.0 | 16.2 | 16,200] 71.0 
Thermocline.......... 11-18 5:4 4.8 4,100] 18.0 
Hypolimnion.......... 18-56 15. 1 1.68 | 2,500] 11-0 

Men aeney 30. 5 4-48 | 22,800 |...... 

Region. 

Owasco LAKE, 1910. 

Epilimnion............ 

Epilimnion............ 

SENECA LAKE, Ig10. 

Epilimnion............ 
Thermocline 

SENECA LAKE, Iorr. 

Epilimnion............ 
Thermocline. : 
Hypolimnion 

SKANEATELES LAKE, 
I9Io. 

Epilimnion............ 
Thermocline 

SKANEATELES LAKE, 
IQII. 

Epilimnion............ 
Thermocline 

Ex- _, | Calo- 
tent. R.T. | Tm-4. ries. 

Meters.) Meters. 
o-I2 Io. 6 16.3 17,300 

12-20 5.6 9-9 5) 600 
20-54 | 13-1 4:0 5) 200 

Be tetersvarels 29-3 9-59 | 28,100 

o-12 Io. 6 I5-9 16, 800 
12-20 5-6 Io. 6 1, COO 
20-54 | 13-1 2.41 | 3,200 

Rod wees 29.3 8. 86 | 26,000 

o-12 Il. 5 I5-4 | 17,700 
12-20 6.2 Io. 2 6, 400 

20-188 70.9 I.2t | 8,800 

ER arevetsis 88. 6 3-71 | 32,900 

O-I5 13-8 15-4 21,200 
I5-22 6.0 8.6 5) 200 

22-188 68.8 O. 47 3,300 

Braids ota 88.6 3-35 | 29,700 

o-9 8.0 15.7 12,500 
9-18 6.5 10. I 6, 600 
18-90 | 29.0 2-97 | 7,600 

Bayan aeire 43-5 6. 10 26, 700 

0-16 13-0 I5-5 20, 200 
16-22 4:2 10.4 4) 300 
22.90 26. 3 1.82 4, 700 

Rute srteret ets 43-5 6. 74 | 29,200 steeee 
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Inspection of table x11 shows that the mean temperature of the epilimnion and 

the thermocline are not very variable in the six major lakes. In the first region Tm*-4 

equals 15.66°, as the mean of 12 observations, ranging from 15.2° to 16.8°. For the 

thermocline the mean is 9.56°, ranging from 7.8° to 10.6°. The differences in the 

amount of heat stored by a lake in these regions are due much more to the thickness of 
the stratum than to its temperature. For instance, in Seneca Lake in 1910 the tem- 

perature of the thermocline was 19.4°, and in Skaneateles Lake in 1910 it was 19.7°. 

But its thickness in Seneca Lake was 15 meters, and only 9 meters in Skaneateles; and 

the wind-distributed heat in the epilimnion of the former lake was therefore over 75 per 

cent greater than that of the latter. 

It appears from the table that a very large part of the wind-distributed heat is in 

the epilimnion. The upper 10 or 15 meters of a lake, even 60 kilometers long and nearly 

200 meters deep, contain 50 to 70 per cent of the heat, or even more. If to this stratum 

is added that which lies immediately below it and has derived its heat from it, it appears 
that the upper 20 meters contain 70 to 80 per cent, or even 90 per cent, of the wind- 

distributed heat. (See table xu.) This limitation of the heat to the upper strata is 

responsible not only for the sharply-defined thermocline, but also for the general 

uniformity in the amount of wind-distributed heat in the heat budget of the several 
lakes. A large percentage of the heat is always near the surface in summer. During 

the period of light winds and summer weather, when heat is furnished far in excess of 
the capacity of the distributing agents, so much is lost in any case that there is enough 

for any lake to get the maximum possible supply, and any deficiency is likely to be due 

to the distributing agents, and not to lack of supply. Still more, any loss caused 

by a short cool period during the summer may be quickly repaired, since no violent 

wind is needed to distribute the heat to water near the surface. Indeed, such a cool 

period may well be the indirect cause of the gain of heat. It allows the heat already in 
the lake to be distributed to a greater depth, while the surface will rapidly renew its 
supply during the succeeding warm days. 

The heat distributed to the hypolimnion is extremely variable both in quantity 

and in the per cent it constitutes of the total heat. If the sums of the calories found 

in the epilimnion and thermocline are compared for the 12 observations, it will be 

found that the mean is 22,200. The mean departure of each observation from the 

mean is about 8 per cent; the maximum departures are +19 per cent and — 16 per cent; 

and the range is about 35 per cent of the mean. In the case of the hypolimnion the 

mean amount of heat is 4,900 calories. The mean departure of each observation is 

28 per cent of this sum, the maximum is + 80 per cent and — 50 per cent, with a range 

of 130 per cent of the mean. Not only so, but the difference in the same lake in suc- 
cessive years is even more striking. The hypolimnion of Seneca Lake received 8,800 

calories per square centimeter of surface in 1910, and only 3,250 calories in 1911. Keuka 

Lake had 6,300 calories in 1910 and 2,700 calories in 1911. The mean of the six lakes 

for 1911 was hardly more than half as great as that for 1910 (6,400 and 3,400 calories), 

and the largest amount in 1911 (4,800 calories in Skaneateles Lake) was below the 



A LIMNOLOGICAL STUDY OF THE FINGER LAKES. 569 

smallest of the former year (5,000 calories in Cayuga Lake). This distribution illus- 

trates several principles. 

1. The amount of heat received by the hypolimnion depended on the vicissitudes 

of weather during the early part of the warming period. (See p. 553.) 

- 2. The lakes of the district were all similarly affected in each year. 

3. In spite of this general similarity there are great individual differences, and 

neither the size nor the depth of the lake seem to be decisive in influencing the amount 

of heat given to the hypolimnion. In 1910 Skaneateles Lake,. with a hypolimnion 

72 meters in maximum thickness and 29 meters in mean thickness, received 7,600 

calories. Seneca Lake, with a hypolimnion 168 meters in maximum thickness and 

71 meters in mean thickness, received only 8,800 calories. This was true in spite of 

the fact that Seneca Lake is far larger and its hypolimnion began only 2 meters farther 

from the surface. In 1911 Seneca Lake received less heat in its hypolimnion than 

Skaneateles Lake (3,250 calories and 4,800 calories, respectively); less than Cayuga 

Lake (4,400 calories); and practically the same as Owasco Lake (3,150 calories), the 

smallest and shallowest of the lakes. 

Distribution to the several ro-meter strata.—It will be of interest to consider the 

distribution of heat by the wind to different depths below the surface, as well as its 

distribution to the different thermal regions. This distribution may be expressed in 

_ two ways: 

1. The heat absorbed by each square centimeter of the surface may be followed 

through the lake and the amount determined which is absorbed by or passed through 

each stccessive stratum, and the result may be expressed in calories per square centi- 

meter of the surface of the lake. 

2. The boundary planes of the successive strata of the lake become smaller in 

proportion to their distance from the surface. It is possible, therefore, to state not 

merely the number of calories per square centimeter of the lake’s surface which pass 

through any given plane, but also the number of calories which pass through each 
centimeter of the plane itself. 

An example will make this clear. The water of Cayuga Lake absorbed 28,600 

gram-calories through each square centimeter of the surface in 1910; 12,800 calories 

were left in the o-10 meter stratum. Thus there remained at 10 meters 15,800 calories 

of those received by each square centimeter of the surface, and this amount was dis- 

tributed to the water below the depth of 10 meters. But the area of the lake at 10 

meters is 72.5 per cent of the surface area, and the number of calories which passed 

through each square centimeter of this plane is correspondingly greater. ‘Through each 

15,800 
square centimeter of the ro-meter plane there passed 21,800 calories, or aa 
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TABLE XIII.—DistRIBUTION OF HEAT TO THE SEVERAL 10-METER OR 5-METER STRATA. 

[In the tables the upper figures of columns 2 and 4 show the number of calories per square centimeter of surface of the lake 

necessary to raise the temperature of the water from 4° to the summer temperature in 1910 and roz1, and the remaining figures 

show the number of such calories remaining at the several depths. Columns 6 and 7 show the number of calories present at each 

depth per square centimeter of the area at that depth. They are derived from the numbers of columns 2 and 4 by dividing them 

by the per cent of area given in column 3, tables xv-xvul. Columns ro and 12 show the number of calories per square centimeter 

of surface left between the depths specified. They are computed in the same way as the data in table xm. The data for Otisco 

and Canadice Lakes refer only to r9r10.] 

CANANDAIGUA LAKE. 

| | 

: . Calories per square Calories per square centimeter 
Palpgigeper sauarer: eh fioteter ol ene: centimeter of area of surface left between depths 

& P : at depth named. named. 
Depth, Depth, | R. T., 
MMCLEKS a | || Lers.nlameters, 

aro | Geng | 2322 (cent |p oro) 9 | z0rn rors | cent |, 29%) leans 

° 27,400 | 100.0 23,200 | r00.0 27, 400 23, 200 o-I0 8.56 14, 600 53-3 13, 500 58.2 
Io 12,800 46.7 9,700 41.8 16, 900 12, 800 10-20 7.16 7,400 27.0 7,300 BI § 
20 5, 400 10-7 2,400 10. 4 §, 000 3,500 20-30 6. 43 2,200 8.0 1,300 5-6 
30 3,200 | zr.7 1, 100 “7 5,300 1, 800 30-40 | 5.72 1,300 “7 550 24 
40 1,900 6.9 550 24 3, 500 1,000 4o-so | 4-88 900 3.3 290 T2 
50 1,000 3-6 260 I.t 2,300 600 50-60 3. 65 620 2.3 175 -8 
60 380 T4 85 4 1,300 290 60-70 | 1.90 300 pane 70 3 
ip 80 a3} 15 06 760 140 70-84 +53 80 ag TS gA Asoc me 

Are Pee are eccse eecveil ocalecm erotes | = wio\ ave (or sloverstel| or trtaie spots ltenwtelo sale tereneta | rare tase chancaay|l icashey erate fegete |e ceases tell xcTsve ve ketch) ee cesece eae toll See ete ee Lae ae 

CAYUGA LAKE. 

° 28,600 | 100.0 26,900 | 100.0 28, 600 26, 900 o- 10 8.34 12, 800 44.8 13, 400 49.8 
Io 15, 800 Coe) 13, 500 50. 2 21, 800 18, 600 Io- 20 6. 88 9,400 32.0 9, 000 Bu 5 
20 6, 400 22.4 4,500 16.7 9, 800 6, 900 20- 30 6. 28 3,000 10. 5 2,600 0-7 
30 3,400 II-.9 1,900 Thai 5, 600 3,100 30- 40 5. 75 1,400 4-9 900 3-4 
40 2,000 7.0 1,000 3-7 3,700 1,800 40- 50 5-11 700 24 350 r3 
50 1,300 4-6 650 2.4 2,700 1,400 50- 60 4-52 400 I. 4 180 BY A 
60 900 ep Ay 470 1.8 2,100 1,100 60- 70 4:05 250 :0 140 al 
70 650 AS 330 Tis 2B 1, 700 860 70- 80 3- 62 190 -6 130 35 
80 460 r.6 200 oF 1,300 590 80-100 5. 88 290 I.0 120 “4 
I0o 170 -6 80 3 690 320 100-133 4. 21 170 -6 80 ae 
133) [LA fe SENS EA RS EERE SIA Sic che cicscrsll clave Setern cvel| | atatevotrs BP Leaks apeaal| te otatameee tc reral le mtanat ten cll ker te pete 

KEUKA LAKE. 

° 24,900 | 100.0 22,800 | 100.0 24,900 22, 800 o-I0 g- 21 15, 000 60.2 15,000 65.8 
Io 9,900 30:8 7, 800 34. 2 11, 800 9,20 I0-20 7-84 5,300 21.3 5, 700 25.0 
20 4,600 18.5 2,100 9.2 6, 300 2,900 20-30 6.44 2,500 II.I 1,300 5.7 
30 2,100 7-4 800 35 3, 800 1, 400 30-40 4:39 1, 400 4-6 570 2.5 
40 690 2.8 230 I-0 2,100 720 40-50 2.26 600 24 200 a) 
50 90 4 30 rg 600 200 50-56 +37 90 4 30 Ape 
HOY apoaasatenicrmaendclocacacnsncollocsc ancalannsagqde ol Inogaeodbolllbooads oeopllodao be ol 4ondaouanADboo Neb accom dolly ss rose 6 

OWASCO LAKE. 

° 28,100 | 100.0 26,000 | 100.0 28, 100 26, 000 o-I0 8.94 14, 750 ee 14,300 55-4 
Io 13,300 47-3 11, 600 44.6 16, 700 14,600 10-20 9.18 8,000 27.1 8,200 34-3 
20 5, 400 19.2 3, 400 10.3 8, 400 5, 300 20-30 5-95 2, 800 9-9 2,200 57 
30 2,600 9:3 1, 200 4-6 4,700 2,200 30-40 4: 60 1,700 6.2 830 32 
40 860 Epoe 370 I4 2,200 960 40-54 2. 62 850 3.1 370 I4 
Fl abngaceedol tosceneel stooocmucns nusedencl lb sununoecb ndtgododonl|iGdon docrollueene oc senehcoodslonquadan||eoodo kesh slacooones 
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TABLE XIII.—Distrisution oF HEAT TO THE SEVERAL 10-METER OR 5-METER STRATA—Continued. 

SENECA LAKE. 

pi é Calories per square Calories per square centimeter 
alorics persatare Serres of sur centimeter of area of surface left between depths 

EASE MHEE IVECO, 2h CASON ee) ea20', at depth named. named. 
Depth, Depth, | R. T., 
meters. meters. | meters. 

I9I0 pan IgIt ae 1910 IQII I9I0 ae IIL a 

° 32,900 | 100.0 29,600 | 100.0 32,900 29, 600 0-10 9:35 14, 600 44:4 14,600 49-5 
Io 18,300 55-6 15, 000 50. 5 21, 000 17, 200 10-20 8. 40 9, 600 29-2 10, 200 34-3 
20 8,700 26. 4 4, 800 16.2 10, 800 6, 000 20-30 7. 86 3, 700 II. 2 2, 600 8.8 
30 5,000 TA 2,200 7-4 6, 600 2,900 30-40 7. AL 1,800 Ga 800 2.7 
4o 3,200 9-7 1, 400 47 4,500 2,000 40-50 6. 92 1,000 3-0 400 1.3 
50 2,200 6.7 1,000. 34 3, 300 1,500 50-60 6. 49 600 r8 280 1.0 
60 1,600 49 720 24 2,600 1,200 60-70 | 5.89 450 T4 160 6 
70 1,150 3.5 540 1.8 2,000 950 70-80 5. 52 320 1.0 160 -6 
80 830 2.5 380 1.3 800 700 80-100 9: 82 460 I.4 200 A%f 

I0o 370 wade 180 av? 800 400 IOo-150 20. 2 305 51a) 178 Br 
I50 65 aa. (Aime steers 290 10 150-188 3:3 65 je Zee rae 
ESS Sn ea asta te eee Ay int euatreel MN alacant DM tauelas She allistete Seacta eb oui| Caetenehe «crue I wissen st aiateal rit oooh ow luct «Redeye lebe | akay waa Lae Booted aware Call eka apes i 

SKANEATELES LAKE. 

° 26,700 | ro0.0 29,700 | 100.0 26, 700 29,700 o-I0 8.75 13, 700 51-3 13, 600 45-8 
Io 13, 000 48.7 16, 100 54-2 17,000 21,300 10-20 4-14 6, 400 24.0 9,900 33:3 
20 6, 600 24.7 6, 200 20.9 9, 800 9,200 20-30 6. 39 2,300 18.6 3,100 10.4 
30 4,300 16.1 3, 100 10. 5 7,100 5,100 30-40 5-75 1,500 5.6 1, 200 4:1 
40 2,800 10. 5 1,900 6.4 5, 200 3,400 40-50 5-06 1,100 41 900 3-0 
50 1,700 6.4 1,000 3-4 3,700 2, 200 50-60 4. 28 730 2.8 510 r.8 
60 970 3.6 490 I.6 2,900 1,300 60-70 Bagi) 560 2.5 340 jets 
70 410 nag 150 of 1, 400 520 70-80 2.13 330 I2 110 -4 
80 80 53 40 ade 550 220 80-90 56 80 55] 40 ait 
Se | cere esta tats | ve’sye peveteisyl evefars vol eccye Se silo e scale: slors|l orsvescastosenan'| abcietacetva tacevall| steteneteia etait) sre tive Ais aisles calcleleisiaeisls cfelersin'es ayaa s|watinna's « 

° 

5 
Io 
15 
20 
25 

° 
5 

Io 
15 
20 

The above table shows the amount and per cent of the total heat absorbed by the 
surface which is left in each 1o-meter stratum of the lakes studied. The rapidity 

with which the heat declines is evident, and shows how hard the wind finds the task of 

overcoming the thermal resistance. A single illustration shows this in a striking manner. 

We may allow 1,000 calories per square centimeter as a full (not a mean) supply to 

the surface for a single summer day. We find in the various major lakes that this 

amount was distributed in 1910 to the water below a depth of 35 to 60 meters, and below 

30 to 50 meters in 1911. ‘Thus the work of the entire season was necessary to carry to 

46512°—14——-4 
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a depth greater than the number stated an amount of heat equal to one maximum 
day’s supply in summer. 

Nor is this all. The upper 10 meters contain from 45 to 65 per cent or more of the 

heat absorbed. ‘This region is that in which nocturnal cooling, the action of waves, and 

the direct penetration of the sun aid in distributing the heat. At depths where these 

agencies cease to act the influence of the wind declines very rapidly. 

It is worth while to call attention to the fact that the distribution of heat is strikingly 

similar in each year and that the two years show marked differences. 

Figure 8 (p. 566) shows in graphic form the results for rgro in the case of Owasco 

Lake and Seneca and Cayuga Lakes, respectively the largest and deepest and the smallest 

and shallowest of the lakes. The greater quantity of heat in Seneca Lake was due 

almost wholly to the greater amount distributed to the hypolimnion, that in the epilim- 

nion and thermocline being about equal in both lakes. It thus appears that in general 

the distribution of heat is independent of the area or depth of the lakes, in the case of 

lakes of the first class. The mean of observations made in Green Lake, Wisconsin, 

during 10 or 12 years falls midway between the results for Cayuga Lake in 1910 and 

1911, and shows that this lake also belongs to lakes of the first class. ‘The curve of 

heat distribution for Canadice Lake is added to show the facts for a smaller lake. 

HEAT SUPPLY OF THE SMALLER LAKES. 

We must now consider the heat supply of the two smaller lakes, of which we have 

hydrographic surveys, Canadice and Otisco. We are unable to discuss their annual 

heat budget, as no winter observations have been made on them, but the amount of 

wind-distributed heat can easily be ascertained. It will be remembered that Otisco 

Lake has an available length of about 7.33 kilometers and a mean breadth of 0.93 kilo- 

meters; its maximum depth is 20.1 meters, and its mean depth 11.2 meters. The 

corresponding figures for Canadice Lake are: Length,’5.12 kilometers; mean breadth, 

0.51 kilometers; maximum depth, 25.4 meters; mean depth, 16.4 meters. The ratio 

= is about 0.53 in Otisco, which is not far from the mean of that in case of the six 
mx 

deeper lakes. In Canadice Lake a= 0.64, a number nearly one-third higher than 

the mean of the other lakes and about 16 per cent greater than the highest one. This 

fact is of great influence on the heat supply of Canadice Lake. 

Both lakes are small and shallow as compared with those which have been discussed. 

Their mean temperature is correspondingly high (Otisco, 19.2°; Canadice, 15.8°). Both 

temperatures, and especially that of Otisco, are much above that of the deeper lakes. 

The mean depth, however, is so small that the total amount of wind-distributed heat, 

Dm (Tm*-4), is much smaller. In Canadice this sum is 19,400 gram-calories per square 

centimeter of surface, and in Otisco Lake the amount is still smaller, 17,000 gram- 

calories. It appears therefore that Canadice Lake accumulates about 80 per cent as 

much heat per unit of surface as the larger lakes and Otisco Lake about 65 per cent 

as much. 
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No discussion of these facts would be possible if it was based on the single series of 

opservations made on each of these lakes, but these can be interpreted in the light of 

the almost innumerable observations on Wisconsin lakes, and considered in this light 

they are extremely interesting. 

The influence of the small size of the lake is apparent in the shallow epilimnion— 

7 meters, or a little more than half its thickness in the larger lakes. The same general 

relation is shown by other similar facts. The temperature of the lower water is raised 

above 4° by mixture; and the depth at which this water reaches temperatures of 10° 

or 15° in August will give, like the position of the thermocline, the approximate value 

of the mixing power of the wind. In 1910 the temperature of 15° lay at about 10 meters 

in Canadice Lake, 11 meters in Otisco, 18.5 meters in Cayuga, 15 meters in Seneca and 

Owasco. The temperature of 10° lay at 14 meters in Canadice, from 20 to 25 meters in 

the other lakes. In Otisco the bottom water at 20 meters had a temperature of 12°. 

The bottom of the epilimnion marks the lower limit of the direct distribution of heat in 

summer, and its position in the various lakes is the best measure of the relative influence 

of the wind on them. ‘The depth of the successive isotherms also marks the approximate 

levels of wind influences. As would be expected, these levels are higher in the smaller 

lakes, and their smaller dimensions form the first reason for their smaller gain of heat. 

The second reason lies in the smaller mean depth of the lake and the smaller reduced 

thickness of each stratum. In a shallow lake the heating surface is greater in proportion 

to the depth than in a deeper lake, and it might therefore be expected that the former 

Jake would be proportionately higher in temperature, and that the number of calories 

gained per square centimeter of surface would be the same in the two lakes so that the 

product Dm (Tm*-4) would be nearly constant for all lakes as it is for those of the first 

class. It might be expected, for instance, that if Canadice Lake (Dm=16.4 meters) 

gained 19,400 calories of wind-distributed heat, then in Otisco Lake, with a mean depth 

of 11.2 meters, Tm*-4 would be high enough to make the product about the same, so 

that the two lakes would gain the same amount of heat from an equal heating surface. 

This might be expected the more readily as Otisco is the larger lake and has a relatively 

larger surface; but so far from reaching this result, Otisco Lake has gained only about 

17,000 calories, or nearly 9 per cent less than the deeper lake. 

There are two reasons for this disadvantage of a shallow lake. First, the tem- 
perature of the epilimnion is determined not only by the relation of insolation and wind 

action, but even more by losses to the air. A shallow epilimnion ordinarily reaches a 

higher temperature than a thicker one, but the difference in the temperature is not so 

great as in the reduced thickness, so that the total amount of heat in the epilimnion is 

smaller. The losses to the air prevent the temperature from rising above a certain 

point. If, for instance, the epilimnion of Canadice Lake were to have as much heat as 

even that of Keuka, whose epilimnion is the thinnest of the six major lakes, ‘T'm-4 

would have to be 22.3°, and Im 26.3°. This is an obviously impossible temperature 

as the mean of any considerable stratum, since in our latitudes it is reached only by 

a very thin surface layer in the hottest part of bright calm days. It rarely persists 
overnight. 
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This difference between the deep and shallow lakes, however, is relatively less 

apparent in the epilimnion than in the thermocline and hypolimnion. In these regions 

the second disadvantageous factor of the shallower lake comes in with more influence. 

The gains of heat of the water in and below the thermocline depend wholly on mechanical 

mixture. ‘There are no gains from the sun and no losses to the air and practically no 

losses by conduction. Hence the thermal resistance to mixture % is the factor which 

resists the transfer of heat downward, and the influence of the wind, direct or indirect, 

is the force which carries the heat down. But the thermal resistance increases much 

more rapidly than the temperature rises and soon puts an end to the force of the wind 

in carrying the heat downward. If we compare the thermocline of Otisco and Canadice 

Lakes, we find that the region is included between the same levels in both lakes and that 

the temperature is not greatly different (Canadice, 12.9°; Otisco, 13.2°). The advantage 

in temperature is on the side of the shallower lake. But the reduced thickness of the 

region in Otisco Lake is only 3.05 meters as against 3.76 meters in Canadice. The 

total amount of heat in the region is therefore about 17 per cent less. 

If the thermocline of Otisco Lake were to derive as much heat from each square 
centimeter of surface as did that of Canadice, Tm-—4 for that region must be 15.7°, or 

2.5° above that actually reached. A great amount of energy is needed to produce this 

increase from 13.2° to 15.7° by mixture. ‘The increase of temperature is about 19 per 

cent but the work to be done in effecting this increase is much greater than that. 

The work to be done in warming a stratum of water which lies below the direct 

influence of the sun is done against gravity which resists the descent of the warmer and 

lighter water. The net work done in warming a stratum of water to a given degree 
may be measured by the energy which would be needed to transport the mass of water, 

thus warmed, to the place where it is found, against the resistance of denser water at a 

temperature of 4°. We may think of such a stratum as pushed down to its place through 

water at 4°, somewhat as a sheet of cork might be forced down through the water. The 

weight to be moved is the difference in weight between the warmed water and water at 
the temperature of maximum density. The distance through which it is carried is the 

mean distance of the stratum in question from the suriace. 

In this case the difference in the amount of work necessary to warm the thermo- 

cline to 13.2° and 15.7° is proportional to the difference in loss of weight of water at 

these temperatures. A liter of water at 13.2° weighs 621 milligrams less than at 4°, 

and this is the weight of each liter to be used in computing the work done in warming 

the thermocline. At 15.7° the weight of a liter is 982 milligrams less than at 4°. Thus 

over one-half must be added to the work which was done in warming the water to 13.2°, 

if 2.5°, or about 19 per cent, are added to the heat. 

A similar statement may be made for the hypolimnion. If this region in Otisco 

Lake is to receive as many calories per square centimeter of the surface of the lake as 

does that of Canadice, its temperature will rise to 12°. But to effect this rise would 

require, if measured on the same basis as in the former example, more than: three times 

o Birge, Edward A.: An unregarded factor in lake temperatures. Transactions Wisconsin Academy of Sciences, vol. xv1, 

pt. 2, p. 989. 910. 



A LIMNOLOGICAL STUDY OF THE FINGER LAKES. 575 

as much work as that which was actually available for warming it. This is obviously 
a demand impossible to satisfy. 

Thus the shallow lake has a double disadvantage. Its smaller reduced thickness 

for any given stratum diminishes the volume of water into which heat may he distributed 

from the surface. This deficiency of volume can not be compensated by an equivalent 

rise of temperature, since the amount of energy present to mix the water is soon ex- 

hausted by the rapid rise of thermal resistance to mixture as the temperature increases. 
The shallow lake has an advantage in one respect, probably a small advantage but 

one whose amount has not been determined. What may be called its mixing areas are 

more efficient because of the gradual slope of the bottom. Consider the condition of the 

lake with direct thermal stratification, whose form is that of an oblong tank with vertical 

sides. A wind blowing the surface water to one end would depress the isotherms there. 

The cold water would swing back and oscillate, but there would be very little friction 

between the strata and little mixture and correspondingly little warming of the lower 

water. In an actual lake with sloping bottom, the narrower ends concentrate and give 

force to the movements of the water caused by the wind and increase the amount of 

mixture due both to the direct and indirect effects of the wind. As the warm water is 

forced downward at the ends, it squeezes out the cooler water in a relatively thin layer 
between the descending surface of the epilimnion and the gradually sloping bottom of 

the lake. As the cool water swings back, its edge pushes in like a wedge between the 

bottom and the epilimnion. Both movements are attended with relatively great fric- 

tion and corresponding mixture of the warmer and cooler water. Thus the ends of the 

lake constitute its chief mixing areas, and they are the region where the gradual warming 

of the thermocline and hypolimnion goes on most rapidly. Relatively little warming is 

effected in the open water of the lake or on its steep sides where movement, which is 

chiefly lateral, is attended with little resistance and consequent mixture. In this respect, 

therefore, the shallow lake has an advantage over the deeper one whose slopes are steeper. 

The shallowness of the water is also an advantage in the spring before the thermocline 

is formed, in that the water is nearer the surface and so more readily accessible to the 

influence of the wind. Thus its temperature rises above that of the deeper lake, but it 

never reaches a point, under conditions otherwise equal, high enough to give it as great 

a total amount of heat per unit of surface as the deeper lake accumulates. 

TABLE XIV.—EXTENT, REDUCED THICKNESS, AND HEaT SUPPLY OF THE THERMAL REGIONS OF 

CANADICE AND OTIsco LAKES. 

Extent, | R. T. 
Region, meters. | meters. 

Tm*-4. | Calories. | Per cent. 

CANADICE LAKE, 1910. 

Jopay Weestehtosel OH O87 tu aeiod duoc usenbiD pnp OU AS DOpemeH BO Arh AOmOBE aoe EOEoe o-7 6.33 18.2 II, 500 58.8 
TD it Oya Chae oe ep antigtiporo. c7eoronn pana datdn on anengena prec oD ose MAMA nNOS 4-12 3-76 12.9 4) 800 24.8 
PAC TICLITIALLON lays the: contre oulie.clale Mie Sraiee ernena tated tale 0 sELevai ct phala ete stash alePMeryat s oetkeetave 12-25 6. 28 4:93 3,100 16.2 

Orisco TAKE, 1910. 

Lojayh rete Vai oNG A eT Fin enone WEN oon Ger nON PON OOTGN AO ROPE ACE OG aeneede means o-7 5-57 18.8 TO, 500 62.7 
AVEC e AOE Ory esralmmecnd nbictibeuicishin dia uc semalacintih Gini Hqenh ant atierpeiranrcrta 7-12 3:05 13-2 4, 000 24.1 
ETN POO LUTMIETI ON ay atcie aha ceteirtst ratory cuslslavehecsba ate tana rsiniatonn se sla: aurtavol ac ativeddiv) pipsarstecwoa)wiace save 12-20 2.58 8.4 200 12.3 
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DISSOLVED GASES. 

METHODS OF OBSERVATION. 

During the month of August, 1910, observations were made on 10 of the Finger 

Lake for the purpose of ascertaining the amount of dissolved oxygen and carbon 

dioxide in their waters. The samples of water for these determinations were obtained 

either by means of a pump and hose or with.a closing water bottle. With one excep- 

tion the former method was used at all depths in the shallower lakes—that is, those 

not exceeding 30 meters (100 feet) in depth—and in the upper water of the deep lakes. 

The water bottle was used on Otisco Lake and in the lower strata of the deep lakes. 
The Winkler method was used for the determination of the quantity of dissolved 

oxygen and the Seyler method for the carbon dioxide. These methods have been 

fully described in a previous publication,” and further consideration of them is not 

necessary here. A new table of oxygen saturations (table xx1, p. 609) is included 

as a substitute for the previous one. It is based upon the more recent determinations 
of Fox,? who gives the results for degrees centigrade from —2° to +30°. The inter- 

vening tenths of degrees have been interpolated. 

OVERTURNING AND CIRCULATION OF THE WATER. 

The Finger Lakes belong to the temperate type, in which the water is subject to an 

overturning and a complete vertical circulation in the autumn and also in the spring. 

These phenomena are such important factors in the general distribution of the dis- 

solved gases that they deserve a brief description here as a preliminary to the discussion 

of the gases. When the surface water begins to cool in late.summer or early autumn, 

it becomes heavier than the water below it and tends to sink, thereby producing con- 

vection currents. Through the agency of these currents and the wind the water of the 

epilimnion is thoroughly mixed, and as the temperature of this stratum declines with 

the advance of the season more and more of the lower water becomes mixed with the 

upper; that is to say, there is a downward movement of the thermocline and the epilim- 

nion becomes thicker at the expense of the hypolimnion. This process continues until 

the temperature of the epilimnion approaches that of the hypolimnion, when the whole 

body of water may be set into rotation by a strong wind. This phenomenon is known 

as the autumnal overturning, and it is followed by a complete circulation of the water, 

which continues until the lake becomes covered with ice. Seneca and Cayuga Lakes 

do not freeze over completely very often—on an average only about once in 20 years— 

so that their waters are subject to disturbance by the wind during the entire winter. 

As long as the temperature of the water remains above 4° in the autumn both the 

4wind and the convection currents are concerned in the production of the circulation, 

@ Birge, Edward A., and Juday, Chancey: The Inland Lakes of Wisconsin: The dissolved gases of the water and their bio- - 

logical significance. Wisconsin Geological and Natural History Survey, Bulletin xx, Scientific Series No. 7, 259 p. torr. 

b Fox, Charles J. J.: On the coefficients of absorption of the atmospheric gases in distilled water and sea water. Part I. 

Nitrogen and Oxygen. Conseil Permanent International pour L’Exploration dela Mer. Publications de circonstance, No. 41, 

1907, 23 D., 1 pl. 
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but below that temperature the former is the only active agent. When the surface 

water cools below 4° it becomes lighter than the warmer water beneath it and tends to 

float on the latter; that is, there is a resistance to mixture owing to the difference in 

their temperatures. As a result, it requires a strong wind to disturb the water to any 

considerable depth. But in spite of this resistance to mixture the wind is able to disturb 

the water at all depths, even in the deepest lakes, and cause the late autumn and 

winter temperatures to fall well below 4°. (See table Iv, p. 555.) The winter stratifi- 

cation is inverse; that is, the coldest water is at the surface and the warmest at the bottom. 

In spring conditions again become favorable for an overturning and circulation of 

the water. In the lakes which freeze over in winter a preliminary step in this process 

is the removal of the covering of ice. Substantially all of the direct warming takes place 
close to the surface, and as the temperature rises this water becomes heavier than that 

below and tends to sink, thus producing convection currents; but this holds true only 

as long as the temperature remains below 4° or the point of maximum density. After 

the whole body of water reaches a temperature of 4° any warming of the surface layer 

makes it lighter than the cooler water below and it tends to float on the latter. This 

eliminates convection currents as a factor in producing a general circulation, but they 

still play a more or less important role in mixing the water of the upper stratum when 
cooling takes place at the surface at night or during cool periods. The wind is now 

the only agent involved in the production of a complete vertical circulation. 

As the season advances the temperature of the upper water rises so that it offers 

a greater and greater resistance to mixture with the cooler water below. As a conse- 

quence the tendency of the lower water to take part in the circulation grows correspond- 

ingly smaller and smaller. Finally the thermal resistance to mixture becomes so great 

that the wind is no longer able to mix the warm upper water with the cooler water below 

and the lake becomes separated into three distinct strata, viz, the epilimnion, the 

thermocline, and the hypolimnion. (See p. 547.) This is known as a direct thermal 

stratification, and it persists from early summer until the autumnal overturn takes place. 

The autumnal circulation is much more thorough than the vernal. This is due to 

the fact that the mere cooling of the water in the autumn, as long as its temperature 

is above 4°, produces convection currents which tend to mix the various strata. In 
the spring, however, general convection currents are formed only as long as the water 

remains below 4°, which is generally only a comparatively short period of time. Small, 

spring-fed lakes, in fact, in which the temperature of the bottom water rises to 4° before 

the ice disappears, and which are well sheltered from winds, may not experience a 
complete vernal overturning under favorable weather conditions. 

OXYGEN. 

Circulation periods.—During the autumnal and vernal periods of vertical circulation 

all of the dissolved gases, as well as other substances that may be held in solution, are 

uniformly distributed from surface to bottom; but during the succeeding stages there 
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may be marked changes in the gaseous content of the different strata. As the water 

cools in the autumn its capacity for oxygen increases, and free exposure to the air enables 

it to obtain additional amounts of this gas as circulation proceeds. As a result, the 

lakes enter the winter stage of their cycle substantially saturated with oxygen at all 
depths; that is, with about 9.0 cc. to 10.0 ce. per liter of water. No winter observations 

were made on the Finger Lakes, but it is safe to assume from the results obtained on 

Wisconsin lakes that there is little change in the quantity of oxygen in the deeper lakes 

during the winter, more especially in those which show only a comparatively small 

decrease in the lower water in summer. In winter the life processes which furnish 

decomposable material are at a low ebb,,and the temperature of the water is so low that 

decomposition goes on very slowly, even at the bottom, where organic material may be 

fairly abundant. In the shallower lakes, however, there may be a marked decrease of 

dissolved oxygen in the bottom stratum, and under favorable conditions it may even 

disappear entirely from some of the lower water. 

At the close of the vernal period of vertical circulation the oxygen has a fairly 

uniform distribution from surface to bottom, but more or less marked changes take place 

in the different strata during the direct stratification stage, so that the history of the 

dissolved gases is different for the different zones. The maximum difference is found 

during August, and for this reason a single set of observations during this month, such 

as made on the Finger Lakes, makes it possible to give the history of the dissolved 

gases with a very considerable degree of accuracy for the whole stratification period. 

In the epilimnion.—As already noted, the epilimnion is kept in circulation by the 

wind, which tends to keep the quantity of dissolved oxygen near the saturation point. 

But the amount is subject to variations in spite of this fact. As the temperature of 

the epilimnion rises in spring and early summer its capacity for holding oxygen in solution 

decreases so that the volume of this gas tends to decrease until the summer maximum 

of temperature is reached. But the loss of oxygen may not keep pace with the rise 

in temperature. ‘That is, a certain quantity in excess of the amount required for satura- 

tion may remain for a while, since the water tends to retain the residual gas unless it is 

pretty thoroughly agitated by the wind. In such instances, however, the quantity 

of excess oxygen is never very great. This stratum is preeminently the zone of photo- 

synthesis and in this process some oxygen is liberated by chlorophyllous organisms. If 

the epilimnion is well populated with such organisms and the conditions are favorable 

for photosynthesis this stratum may become supersaturated with the oxygen that is 

liberated. Another small amount is obtained from the nitrites and nitrates which 

serve as a source of nitrogen for the chlorophyllous organisms. 

The appended table (table xviii, p. 602) shows that at the time of these observations 

the epilimnion of all of the Finger Lakes contained between 6 and 7.4 cc. of dissolved ~ 

oxygen; with the exception of Conesus Lake it was a little larger than the amount 

required for saturation, the maximum excess being about 12 per cent. In most of the 

lakes a larger portion or perhaps all of this excess oxygen was most probably due to 

the photosynthetic activities of chlorophyl-bearing organisms since they were well 
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populated with such forms. But in some of the larger and deeper lakes a portion or 

possibly all of the excess may have been due to the presence of residual gas, more espe- 

cially since some of them, such as Owasco and Seneca, had a relatively small number 

of chlorophyllaceous organisms. 

In addition to the processes which tend to keep the volume of oxygen at or above 

saturation in this stratum, there are others which tend to reduce it below that point. 

A certain amount is consumed in the respiration of the various organisms inhabiting 

this region, and another portion, perhaps much larger, is removed by the decomposition 

of organic material. The amount of oxygen actually held in solution by this water then 

is the resultant of the processes which tend to maintain an abundant supply and those 

which tend to exhaust it. If consumption exceeds the new supply, the amount falls 

below the saturation point as in Conesus Lake; but if the factors which tend to maintain 

saturation and to raise the amount above this point predominate, the opposite result 

is produced. 

In the hypolummon.—During the period of thermal stratification, the hypolimnion 

is cut off from contact with the air by the epilimnion and conditions are not favorable 

for photosynthesis in this stratum. As a result the only source of oxygen during this 

time is the small amount which diffuses down from the upper water. But this gas 

diffuses very slowly through water, its coefficient of diffusion being only 1.62, so that 
only a small and negligible amount is obtained in this way. Thus the supply of dis- 

solved oxygen of the lower water is limited to the amount which it possesses at the close 

of the vernal period of circulation. Any decrease during the summer remains as a 

deficiency until the autumnal overturn takes place and the normal amount is not regained 
until after complete autumnal circulation is established. 

As might be expected from the above conditions, different lakes show wide differences 

with respect to the quantity of dissolved oxygen in the hypolimnion in late summer; 

but they readily fall into three groups. ‘The first includes those lakes in which some 

or practically all of the hypolimnion is devoid of free oxygen in the later stage of the 

stratification period; the second comprises those lakes in which there is a marked 

decrease of dissolved oxygen in some or all of the hypolimnion but not an actual disap- 

pearance of it; and the third class includes those lakes in which the decrease of the 
oxygen in this stratum is comparatively slight. These differences in the dissolved 

oxygen content depend, in the main, upon two factors, viz, the amount of decomposition 

taking place in the hypolimnion (which may be characterized as the zone of decompo- 
sition) and upon the volume of this stratum. If the epilimnion contributes a large 

amount of decomposable material in the form of dead plankton organisms to the lower 

water and the volume of the hypolimnion is relatively small, most or practically all of 

the dissolved oxygen in the stratum may be consumed before the autumnal overturning. 

Before the oxygen all disappears, some of it is also consumed in the respiration of organ- 

isms which may occupy this region, such for example as fishes and plankton crustacea. 

But decomposition is a much more important factor in the removal of oxygen from this 

stratum. 
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Conesus and Otisco Lakes are good representatives of this class. In the former all 

of the water below a depth of 10 meters either possessed no free oxygen at all or con- 

tained only traces of it. The same was true of a few meters of the bottom water of 

Otisco Lake. (See table xvi, p. 602, fig.g and1o.) The oxygen disappears from the 

bottom water first because decomposable material is more abundant at that depth. This 

material is derived from plankton organisms and from shallow water and shore vege- 

tation. The specific gravity of the plankton organisms is so low that they sink 

through the cool, lower water 

very slowly and they thus pass 
through the earlier stages of 

decomposition at least before 

they reach the bottom. In this 

way they draw upon the oxy- 

gen supply at all depths in the 

hypolimnion so that, if such 

decomposing organisms ares 

sufficiently numerous and the 

volume of this stratum is not 
too great, practically all of the 
dissolved oxygen may disappear 

from this region. 

If the decomposable ma- 
terial derived from the epilim- 

nion is not so abundant, or if 

the volume of the hypolimnion 

is relatively great, with a cor- 

respondingly large amount of 

oxygen, there is not a total 

Fic. 9.—Conesus Lake, Aug. 25, 1910. “The curves for dissolved gases are desig- exhaustion of this gas in any ot 

nated as follows: C—carbon dioxide; that portion to the left of the zero line : 1 

indicates the alkalinity and that to the tight the free carbon dioxide, ‘1S Stratum, but only a marked 
Cb=fixed carbon dioxide; O=oxygen; and I=temperature. ‘The vertical decrease, such as was noted in 

spaces represent the depth in meters and the horizontal spaces show the Canadice and Heml ock L ak es 

temperature in degrees centigrade and the cubic centimeters of gas pet liter : 

of water at normal temperature and pressure. The depths at which obser- (See table xvutr » Pp. 602, and 
vations were made are indicated by small circles and these points have 

been connected Simi without any attempt to round off the curves. fig. au and 12. ) Here the water 

below 18 meters contained less 

than 50 percent of the quantity of oxygen required for saturation; the bottom water 

in the latter lake had as little as 8.4 per cent. 

If a still smaller quantity of decomposable material is derived from the upper 

water, or if the volume of the hypolimnion is still larger, the decrease of oxygen is 

correspondingly smaller, as in Canandaigua, Cayuga, Keuka, Owasco, Seneca, and 

Skaneateles Lakes, which belong to the third class. (Table xvmt, p. 602, and fig. 13-18.) 

Perhaps Keuka Lake should be placed in the second class, since its bottom water con- 

tained less than two-thirds of the amount of oxygen required for saturation; but it 
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has been placed in the third class because it belongs to the group of major lakes in 

other features. 

The minimum amount of oxygen in these lakes was found at the bottom, and it 

varied from 5.57 ce. per liter of water in Keuka Lake to 8.45 cc. in Seneca Lake, or 

from 63.8 to 91.7 per cent of saturation. It will be noted that all of the members of 

this class are the larger and deeper lakes of the group—that is, those that have been 

designated as the major lakes. The volume of the hypolimnion of each is relatively 

large in comparison with the epilimnion, very large indeed in the deepest ones, and this 

large body of cool water is able to hold in solution a proportionally large quantity of 

oxygen, so large that the respiration of the organisms inhabiting it and the decomposi- 

tion of the organic material which 

sinks into it from the upper water do 

not make extensive inroads upon the 

supply of free oxygen. The mem- 

bers of the first and second classes 

constitute the group of minor lakes. 

They are relatively small and shal- 
low bodies of water, in which the vol- 

ume of the epilimnion is large in pro- 

portion to that of the hypolimnion. 

How large a proportion of the 

oxygen supply of the hypolimnionis “ 

lost during the summer depends 

upon the amount consumed in respi- 

ration and decomposition and upon 

the volume of this stratum. Ifthe ; 

volume of the epilimnionis relatively “ 

large in proportion to that of the hy- 

polimnion and it is well populated 
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with plankton organisms, so that it Fic. ro.— Dissolved gases, Otisco Lake, Aug. 16, 1910. Forexplanation, 

contributes a large amount of de- see fig. 9, D. 580. 

composable material to the latter, the dissolved oxygen is rapidly consumed, so that 

very little may be left in this stratum by midsummer. On the other hand, when the 

hypolimnion is relatively very large and the upper water contributes only a compara- 

tively small amount of decomposable material, the total volume of oxygen suffers only 

a very small decrease. 

In the thermocline.—The quantity of dissolved oxygen in the thermocline is dependent 

in the main upon the amount in the hypolimnion. If it is practically exhausted from 

the lower water, there is generally a rapid decrease of oxygen as we pass downward 

through the thermocline. In Conesus Lake, for example, the amount decreased from 

6.0 cc, per liter of water at 8 meters to 0.11 cc. at 10 meters. In Otisco Lake it declined 

from 5.77 cc. at 9 meters to0.34 cc. at 12 meters. (See table xvi, p. 602.) But lakes 
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belonging to this class may have a large excess of oxygen in the thermocline; as much 

as 20.0 cc. per liter or more have been found in some of the small lakes of Wisconsin. 

In lakes of the second class there may be either an appreciable decrease of oxygen 

in the thermocline, as in Green Lake, Wis., or the amount may be larger than that 

found in the epilimnion or the hypolimnion, as in Canadice and Hemlock Lakes. The 

oxygen curves of the latter lakes (fig..11 and 12) show that the maximum amount of 

| 
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Fic. 12.—Dissolved gases, Hemlock Lake, Aug. 23, 1910. Fic. 11.—Dissolved gases, Canadice Lake, Aug. 24, 1910. 
For explanation see fig. 9, p. 580. For explanation, see fig. 9, p. 580. 

this gas was obtained in the thermocline, a small excess being present there. This 

increased quantity doubtless represented oxygen that had been liberated in this stratum 

by chlorophyllaceous organisms. 

In the third class of lakes there was a larger quantity of oxygen in the thermocline 

than in the epilimnion, owing to the fact that this water was cooler, hence capable of 

holding a larger amount in solution. (See fig. 13-18.) 
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CARBON DIOXIDE. 

Carbon dioxide is readily soluble in water, but the total amount that may be found 
in a lake water depends chiefly upon the quantity of other substances present with which 

it is most generally combined. It exists in three different states. A part of it is in 

close chemical union with substances that are dissolved in the water, more especially 

calcium and magnesium, forming the carbonates of these substances. This is known 

as the fixed carbon dioxide. Another is in a ,, Oy ET EE 
fairly loose combination with the carbonates, 

converting them into bicarbonates. This con- 

stitutes the half-bound carbon dioxide. A third 

portion exists in an uncombined or free state, 

and is known as the free carbon dioxide. - \ 
Fixed carbon dioxide.—The quantity of fixed eles 

as well as of half-bound carbon dioxide depends 

upon the amount of calcium and magnesium 

that may be present in the water, and the 

amount of these substances, in turn, is dependent 

upon their relative abundance in the drainage 

basin. The normal carbonates of calcium and 

magnesium are only slightly soluble in pure 

water. Rainwater absorbs carbon dioxide from 

the air, and obtains still more from decomposing 

organic matter when it reaches the earth. When 

this water, which is charged with more or less 

free carbon dioxide, comes into contact with 

these normal carbonates, they are freely con- 

verted into bicarbonates, which readily pass into 

solution. Thus, if the water which falls upon 

the adjacent land and reaches the lake either 

by surface drainage or by percolating through 
the ground and finally emerging as a spring, 

comes into contact with an abundance of calcium _, Rn atwiiniGdenie 
and magnesium carbonates on its journey,the {| | | | | [| [ | | [ [ [| 

lake water will possess a relatively large amount yc. 13.—Dissolved gases, Keuka Lake, Aug. 18, 1910. 
of bicarbonates, and it will be classed as “‘hard”’ For explanation see fig. 9, p. 580. 

water. If, however, the inflowing water comes into contact with very small amounts 

of these normal carbonates, the quantity of bicarbonates will be small, hence the lake 
water will be “‘soft.”’ 

This serves to explain why there is such a marked difference in the quantity of fixed 

carbon dioxide in the waters of the Finger Lakes. It varied from a minimum of 6.8 cc. 

per liter of water in Canadice Lake to 24.0 cc. in Canandaigua Lake. (See table xvut, 

p. 602, and fig. 9-18.) In Hemlock Lake the fixed carbon dioxide amounted to 12.9 ec., 

1@_ 16 14 _20 28 
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A ot wet le oe Je pee anne Keeuka I qleewimormces, while ainethe 

g 1 7I|_$“| other lakes it varied from 21.0 to 24.0 ce. 

In Conesus and Otisco Lakes there was an 

appreciable increase of this gas toward 

the bottom; in the former the bottom 

s water contained 5.1 cc. more than the 

\ surface and in the latter 7.3 ce. 

i ° A much greater range in the quantity 

\ of fixed carbon dioxide has been found 

in the waters of the Wisconsin lakes. 

In them the amount varies from a mini- 

mum of 1.0 cc. to a maximum of about 

50.0 Cc. 

‘ Halj-bound carbon dioxide —In neutral 

waters and in those which possess free 

~ carbon dioxide the half-bound carbon 

dioxide is assumed to be equal in amount 

to the fixed. But in waters which give 

an alkaline reaction with phenolphtha- 

_|_ |] Jein there is an excess of fixed carbon 

=; dioxide which equals in amount the de- 

ficiency of the half-bound. From a bio- 

logical standpoint the half-bound carbon 

IE fe dioxide is of very great importance since 

Lil ,| it serves as a source of carbon dioxide 

33 for the photosynthetic activities of chlo- 
'| rophyllous organisms. From four-fifths 

to five-sixths of it may be consumed in 

this process, but none of the fixed car- 

| bon dioxide is available. The free car- 

s bon dioxide may be consumed by the 

1| alge, but if found at all in the upper 

water it is present very generally in rela- 

tively small amounts. 

! Free carbon dioxide—There are four 

an I sources of free carbon dioxide in lake 

‘| waters. They are the atmosphere, de- 

composition of organic material, the 

respiration of organisms, and spring or 

1| ground waters. This gas constitutes a 

oe r § small portion of the atmosphere, from 
three to four parts per 10,000, so that 

Fic. 14.—Dissolved gases, Canandaigua Lake, Aug. 20, 1910. ‘ 
MON eenleaGenreie operat where a water is freely exposed to the 

zo 
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air it will be found to contain some free carbon dioxide. The amount, however, 

is small because it is absorbed only in proportion to its partial pressure. The decay of 

organic matter yields considerable carbon dioxide and, under favorable conditions, the 

water may become charged with fairly large amounts derived from this source. This 

is true especially of the bottom water. Spring waters are generally charged with free 

carbon dioxide, so that they contribute their quota. 
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Fic. 15.—Dissolved gases, Cayuga Lake, Aug. 11, 1910. For Fic. 16.—Dissolved gases, Owasco Lake, Aug. 13, 1910. For 

explanation see fig. 9, p. 580. explanation see fig. 9, p. 580. 

aS * 

The quantity of free carbon dioxide in the epilimnion is subject to variations. 

The water of this stratum is kept in circulation by the wind and this process tends to 

maintain a normal amount of this gas; but the quantity derived from the respiration 

and the decomposition which take place in this layer tends to raise it above the satu- 
ration point. On the other hand, this region is preeminently the zone of photosyn- 

thesis and in this process carbon dioxide is consumed and oxygen is liberated. When 

this stratum is fairly well stocked with chlorophyllous organisms and conditions are 



586 BULLETIN OF THE BUREAU OF FISHERIES. 

ance 
raae 4 

ena: SReee 
L 

emeas Jo 

: 

Fic. 17.—Dissolved gases, Seneca Lake, Aug. 4, 1910. For Fic. 18.—Dissolved gases, Skaneateles Lake, Aug. 15, 

explanation see fig. 9, p. 580. t9ro, For explanation see fig. 9, p. 580. 
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favorable for their activities, the demand for carbon dioxide exceeds the supply of free 

gas and some of the half-bound carbon dioxide is consumed. This makes the water 

alkaline to phenolphthalein, since it leaves an excess of normal carbonate. The degree 

of alkalinity is measured by the amount of carbon dioxide that would be required to 

convert this normal carbonate to bicarbonate, and it is dependent upon several factors, 

chief among which are the free exposure to the atmosphere, decomposition, respira- 

tion, the abundance and activity of the alge, and the weather conditions. Thus it 

_ will be seen that the status of the carbon dioxide in the epilimnion is the resultant of 
the activities of those agents which furnish a supply to this stratum and those which 

consume this gas. 

The epilimnion in all of the Finger Lakes was alkaline, thus showing that not only 

the free, but also some of the half-bound carbon dioxide, had been consumed by the 

chlorophyl-bearing organisms. (See table xvii1, p. 602, and fig. 9-18.) The degree of 

alkalinity varied in the different lakes, ranging from a minimum of about 0.5 cc. in 

Canadice Lake to a maximum of 3.0 cc. in Canandaigua Lake; in five lakes the average 

amount was about 2.5 cc. In the carbon dioxide curves the alkaline stratum is indi- 

cated by that portion which lies to the left of the zero line and the degree of alkalinity 
is shown by the quantity of carbon dioxide required to make the water neutral. 

The free carbon dioxide content of the thermocline depends upon the conditions 

which are found there for photosynthesis. In some lakes this stratum lies so near the 

surface that light conditions are favorable for this process and in such cases not only 

the free, but a large portion of the half-bound carbon dioxide may be removed by chloro- 

phyllous organisms, thus making the stratum strongly alkaline. But in a large majority 

of cases conditions in this stratum are not favorable for photosynthesis and the water 

contains free carbon dioxide. This was true of all of the Finger Lakes. 

The hypolimnion is a zone of decomposition, so that its water generally contains 

an abundance of free carbon dioxide. In the process of respiration also a certain 

amount of this gas is contributed to the water and some may reach this stratum from 

underground waters. ‘The largest amount is found at the bottom of the lake, where 

decomposition is greatest owing to the presence of a large amount of organic material. 

The maximum quantity found in the bottom waters of the Finger Lakes varied from 

1:0 ce. per liter in Cayuga Lake to 7.1 cc. in Hemlock Lake. 

PLANKTON. 

Methods oj observation.—Plankton catches were obtained in the Finger Lakes at the 

same time that samples of water were procured. They were made either by means of a 

pump and hose or with a vertical closing net. The former method was used at all 

depths in Canadice, Conesus, and Hemlock Lakes, and in the upper 30 meters and 50 

meters, respectively, of Cayuga and Seneca Lakes, while the latter method was employed 

below these depths in the last two lakes and at all depths in the other five lakes. For 

the purpose of counting, a catch was diluted to 10 cc., of which 2 cc. were removed 

with a “‘stempel’’ pipette, and the crustacea and rotifers therein were counted. When 

46512°—14——_5 
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only a small number of the larger crustacea were present, the total number in the catch 

was determined by direct count. One cubic centimeter of the diluted material was 

then placed in a Sedgwick-Rafter counting cell, and the protozoa and algee were enumer- 

ated in the usual manner. The results were reduced to the number of individuals per 
liter of water, and the diagrams were platted on this basis. For table xrx the number 

of planktonts per liter was multiplied by a thousand in order to give the number per 

cubic meter of water. 

Distribution of plankton organisms.—The vertical distribution of the various plankton 

organisms in the five lakes on which pump catches were made is shown in the accom- 
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Fic. 19.— Vertical distribution of plankton organisms in Canadice Lake, Aug. 24, 1910. Scale, x vertical space—z meter; r 

horizontal space=s crustacea, nauplii, and rotifers, and 100 alge and diatoms per liter of water. Predominant forms: 

Cyclops, Diaftomus, Ceratium, and Asterionella. ‘The column at the right marked O shows the quantity of dissolved 

oxygen at the various depths as indicated, and T represents the temperature. 

panying diagrams (fig. 19-23). These figures show the usual distribution of the 

chlorophyl-bearing portion of the plankton. That is, such organisms are confined 

chiefly to the epilimnion, where light conditions are most favorable for their photosyn- 

thetic activities. So much of the sun’s energy is absorbed by the upper meters of water 

that only a very small portion generally penetrates as far as the thermocline and the ~ 

hypolimnion, thus making these regions unfavorable for the forms which depend upon 
light for the manufacture of an important element of their food. But in some of the 

small lakes of Wisconsin, which are well protected from wind, the top of the thermocline 

lies at such a slight depth—only 3 to 4 meters below the surface—that enough light for 

the process of photosynthesis reaches this stratum. This is shown by the large excess 

of oxygen that is sometimes found in this layer. 
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Some of the plankton algze appear to be able to live saprophytically, and such forms 

could maintain themselves in this manner in the deeper water. Oscillatoria seems to 

show this tendency most frequently, and one of its usual distributions was shown in 

Keuka Lake, where the maximum number was found in the 15-20 meter stratum. (See 

table x1x, p. 606.) In general, however, the presence of large numbers of phytoplank- 

tonts below the thermocline is to be regarded as an indication of their senility. 

The curves for zooplankton show two general types of vertical distribution. In one 

type the lower, as well as the upper, strata of the lake are well populated, as in Canadice 
and Hemlock Lakes (fig. 18, 19). A similar distribution was noted also in Keuka and 
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Fic. 20.—Vertical distribution of plankton organisms in Hemlock Lake, Aug. 23, 1910. Scale, 1 vertical space=x meter; x hori- 

zontal space=s crustacea, nauplii, and rotifers per liter of water and 150 alge and diatoms. Predominant forms: Diapiomus, 

Ceratium, Coelospherium, and Asterionella. ‘The column at the right marked O shows the quantity of dissolved oxygen at 

the various depths as indicated, and T represents the temperature. 

Owasco Lakes. All of the various forms of plankton animals were not distributed 

throughout the depth of these lakes, since some of them habitually occupy the warmer 

water of the epilimnion, while others are confined chiefly to the thermocline and the 

hypolimnion. In the latter stratum the crustacean population consisted almost entirely 

of Diaptomus and Cyclops and their nauplii, while Polyarthra platyptera had the widest 

vertical distribution among the rotifers. In general, the forms which have a wide 

vertical distribution reach their maximum numbers either in the upper or the middle 

strata of the lake. ‘The presence of a fairly large population in the lower water is 

dependent upon two factots, viz, an adequate amount of both dissolved oxygen and food 
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in this region. Whenever the quantity of either falls below a certain amount, it affects 

the distribution of the organisms. 

The second type of vertical distribution is characterized either by a very sparse 

population in a certain portion of the hypolimnion or by practically none at all. This 

is due either to a lack of dissolved oxygen or to a scarcity of food. In Conesus and 

Otisco Lakes, for example, the absence of organisms in the lower strata was caused by a 

lack of oxygen. (See fig. 20.) Results obtained on Wisconsin lakes show that the 

various zooplankton forms are capable of occupying water which has only a very small 

amount of dissolved oxygen, but a certain minimum quantity is necessary. The Clado- 

cera and Diaptomi are only rarely found in water which has less than 0.2 to 0.3 cc. per 

liter, while the minimum for Cyclops and nauplii is about o.1 cc., and for rotifers from 
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Fic. 21.—Vertical distribution of plankton organisms in Conesus Lake, Aug. 25, 1910. Scale, 1 vertical space—x meter; 1 horizon- 

tal space=xo crustacea, nauplii, and rotifers per liter of water and 100 alge and diatoms. Predominant forms: Cyclops, 

Polyarthra, Ceratium, Calospherium, Fragilaria. ‘The column at the right marked O shows the quantity of dissolved 

oxygen at the various depths as indicated, and T represents the temperature. 

0.1 to0o.2 cc. Several forms, however, such as Corethra larve, an ostracod, and a number 

of protozoa are able to live in water which contains no trace of free oxygen; but all of the 

limnetic zooplanktonts, except larval Corethra, require at least a small amount of this 

gas in a free state. 
In Conesus Lake the maximum number of Diaptomi was found at 9 meters, where 

the water contained 1.5 cc. of oxygen per liter. Cyclops and the nauplii reached their - 

maximum numbers at a depth of 10 meters, where this gas amounted to only 0.11 cc.; 

only a few remained at 12 meters, where the quantity of oxygen was only 0.06 cc., and 

none was found below this depth. 

In Cayuga and Seneca Lakes (fig. 21 and 22) by far the larger portion of the hypo- 

limnion had a very sparse population, being occupied by only a few crustacea, repre- 

sentatives of Cyclops, Diaptomus, and Limnocalanus, between 50 meters and the bottom. 
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But the bottom stratum was more densely populated, possessing a larger number of 

Limnocalanus macrurus, as well as a small population of Mysis relicta. A similar dis- 

tribution of the crustacea in the lower water was found also in Canandaigua and Skane- 

ateles Lakes. 
The limiting factor in these lakes was not the lack of dissolved oxygen in the lower 

water, since there was an abundance of it even at the bottom, but it was a scarcity of 

food. The chlorophyl-bearing portion of the plankton is the primary source of food for 

the rotifers and the crustacea, either directly or indirectly, and, as noted above, these 

organisms are confined chiefly to the epilimnion. This means substantially that the 
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Fic, 22.—Vertical distribution of plankton organisms in Cayuga Lake, Aug. 12, 1910. Scale, 1 vertical space=s5 meters; 1 hori- 

zontal space=1o crustacea, nauplii, and rotifers per liter of water and 600 algze and diatoms. Predominant forms: Bosmina, 

Polyarthra, Ceratium, and Asterionella. ‘The column at the right marked O shows the quantity of dissolved oxygen at the 

various depths as indicated, and ‘T represents the temperature. 

zooplankton, not only of the upper water, but also at all other depths, is dependent upon 

the food supply of the epilimnion. ‘The zooplanktonts which occupy the epilimnion have 

the first choice of this food, and those in the hypolimnion must be content with that 
which reaches them from the upper water. 

Granting that the lower water has an abundance of dissolved oxygen, the density 

of its population depends upon the food supply, which, in turn, is dependent upon the 

excess produced by the epilimnion and upon the volume of the hypolimnion. ‘The 

excess of food produced by the upper water depends upon the productivity of that stratum 

and upon the amount consumed by the zooplankton therein. The largest excess of 
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course will be obtained from a large population of chlorophyl-bearing organisms and a 

small number of consumers. With a given amount of excess food the relative abundance 

depends upon the volume of the hypolimnion; the larger the volume of the water the 

smaller the relative abundance of food, and vice versa. 

These twd types of vertical distribution have been noted also in the Wisconsin 

lakes. Only a comparatively small number of these bodies of water show the first type 

of distribution. Among those showing the second type the scarcity or absence of rotifers 

and crustacea in the lower strata is due in all cases to the lack of oxygen, with the excep- 

tion of Green Lake, in which an insufficient supply of food is the important factor. 
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Fic. 23.—Vertical diceauanciael of plankton organismsin Seneca Lake, Aug. 4, 1910. Scale, 1 vertical space=s meters; x horizontal 

space=s crustacea, nauplii, and rotifers per liter of water and 100 alge and diatoms. Predominant forms: Cyclops, Poly- 

arthra, Ceratium, and Asterionella. Below 90 meters the organisms were too few to indicate in the diagram. The column at 

the right marked O shows the quantity of dissolved oxygen at the various depths as indicated, and T represents the 

temperature. 

Taking into account the results obtained both on the Wisconsin lakes and on the 

Finger Lakes, it appears that when the hypolimnion is well populated the maximum 

depth of the lake does not exceed 40 to 50 meters. On the other hand, when the maxi- 

mum depth reaches 70 meters or more a certain portion of the hypolimnion has a sparse - 

population. ‘The upper part of this stratum may possess a fairly large population, since 

it lies near the source of the food, and the bottom stratum may also be fairly well popu- 

lated, but between these two regions lies a zone which is poor in zooplankton, owing to 

the scarcity of food. The thickness of this poorly populated zone depends upon the 

maximum depth of the lake and also upon the relative amount of food contributed to 

the hypolimnion by the upper water. > 
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The Finger Lakes differ widely in area, depth, gas content, etc., but there was no 

corresponding qualitative difference in the plankton. For the most part the same 

forms were present in all of the lakes, but the relative abundance of the various forms 
varied greatly in the different lakes. The most prominent qualitative differences were 

the absence of Daphnia in Seneca Lake and the absence of Limnocalanus and Mysis in 

the smaller and shallower lakes. 

Phytoplankton.—Three different classes of alge were represented in the plankton 

of the Finger Lakes, viz, the Chlorophyceze by Staurastrum; the Bacillarieze or diatoms 

by Melosira, Cyclotella, Tabellaria, Fragilaria, Synedra, Asterionella, and Navicwa; and 

the Myxophycee, or blue-green alge by Anabaena, Aphanizomenon, Lyngbya, Osci- 

latoria, Celospherium, Clathrocystis, Gloeocapsa, and Aphanocapsa. ‘These forms were 

confined chiefly to the epilimnion where light conditions were most favorable for the 

process of photosynthesis. In some of the lakes, however, relatively large numbers of 

phytoplanktonts were found in the thermocline and even in the upper portion of the 

hypolimnion. In Cayuga Lake, for example, there were more than a thousand Asterio- 

nellas per liter of water at a depth of 30 meters and in Skaneateles Lake this same form 

numbered 1,161 per liter in the 30-50 meter stratum, more than five times as many as 

were found in the o-10 meter stratum. The presence of this form in such large numbers 

in the deeper water where light conditions were not so favorable for photosynthesis was . 

most probably due to the fact that they were senile individuals. Both lakes had a fairly 

high degree of transparency, a Secchi’s disk disappearing from view at a depth of 5.1 

meters in Cayuga Lake and at 10.3 meters in Skaneateles Lake, but it is doubtful whether 

enough light reached these organisms to enable them to carry on the process of photo- 

synthesis to any considerable extent. 

The circulation of the water of the epilimnion tends to produce a uniform dis- 

tribution of the phytoplankton in this stratum, but the diagrams (fig. 18-22) indicate that 

such a result was not attained, since all of the curves representing alge show a point 

of maximum density of population. 

In Canandaigua and Otisco Lakes the blue-green alge predominated, with Clath- 

rocystis and Celospherium as the most abundant forms. Clathrocystis was the pre- 

dominant alga in Owasco Lake. Diatoms were most abundant in the other seven 

lakes, with Asterionella, Fragilaria, and Tabellaria as the predominant forms. 

Zooplankton.—Ceratium was found in all of the Finger Lakes, and was most abun- 

dant in Cayuga, where 2,525 individuals per liter of water were found at the surface. 

Hemlock Lake ranked second, with a maximum number of 1,645 individuals per liter 

at a depth of 12 meters. The smallest number was found in Owasco Lake, and Seneca 

Lake came next in order. Owing to the fact that this is a chlorophyllous organism, 

it has been included in the curves showing the blue-green algze in the diagrams. 

Dinobryon appeared in the plankton of 7 of the ro lakes, but it was scarce in 

all except Owasco, where it was much more abundant than any of the other small 

organisms. 
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Mallomonas was found in three lakes, viz, Canadice, Conesus, and Otisco. In 

Canadice and Otisco Lakes it showed the peculiar distribution which has been noted by 
Whipple;¢ that is, it was found only in a middle stratum in the lake. In the former 

lake it was found almost exclusively in the 10-15 meter stratum, only a few being at 

the bottom. There was a maximum number of 2,110 individuals per liter of water at 

10 meters. In Otisco Lake it was confined to the 9-12 meter stratum, while in Conesus 

Lake it occupied only the epilimnion or o-8 meter stratum. 

Colonies of Vorticella, attached to colonies of Anabaena or some other alga, were 

found in small numbers in Canadice, Cayuga, Conesus, and Seneca Lakes. The largest 

number was noted in a surface catch from Cayuga Lake, 13 colonies per liter of water. 

In all of these lakes except Seneca, Vorticella was confined to the upper 10 meters or less, 
a few being noted at 15 meters in the latter lake. 

Among the rotifers Polyarthra was the only form which was found in all of the 

lakes. It was most abundant in Cayuga Lake. One catch showed an average of 240 

individuals per liter in the o-5 meter stratum. Next in order were Seneca Lake, with 

an average of 23 individuals per liter in the upper 15 meters, and Conesus, with an average 

of 23 for the upper 8 meters. In all cases Polyarthra was more abundant in the 

epilimnion than below this stratum. 

Anurea cochlearis was present in all but three lakes, Conesus, Owasco, and Skan- 

eateles. It was not as abundant as Polyarthra. ‘The largest catch showed only 53 indi- 

viduals per liter. This catch was obtained in Cayuga Lake at a depth of 20 meters. 

Seneca Lake was next in order, with a maximum number of 40 per liter of water at 5 

meters in one evening catch. In all of the other lakes no catch showed more than 4 

individuals per liter. In both Cayuga and Seneca Lakes Anuraea cochlearis was found 

chiefly in the upper 20 meters of water. 

Asplanchna likewise was most abundant in Cayuga and Seneca Lakes. ‘The 
maximum number of 26 individuals per liter of water was found at a depth of 5 meters 

in Cayuga Lake, while a catch at this same depth in Seneca Lake showed 15. A very 

few individuals were found in Keuka, Owasco, and Skaneateles Lakes, and none in the 

other lakes. It was confined chiefly to the epilimnion. 

Notholca longispina was present in all of the lakes except Owasco and Skaneateles. 

The largest number, 4 per liter, was found at a depth of 12 meters in Hemlock Lake. 

Conochilus was found in all except three lakes, Canadice, Conesus, and Otisco, 

but it was present in very small numbers and always in the epilimnion. 

Anuraea aculeata appeared in the catches from five lakes, but its maximum number 

was less than 3 individuals per liter of water. 

The catches from Cayuga and Seneca Lakes contained a few Ploesoma, the largest _ 

number being 6 per liter. 

A few specimens of Triarthra were found in Cayuga, Hemlock, and Keuka Lakes. 

In counting the copepods no attempt was made to enumerate the different species 

of Diaptomus and Cyclops separately. The former genus was represented in all of the 

a Whipple, G. C., Microscopy of drinking water, p. 109. New York, 1899. 
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lakes. wo species, D. minutus and D. sicilis, were found in Cayuga and Seneca Lakes, 

but only the former species was present in the other lakes. In its vertical distribution, 

Diaptomus was found at all depths where the water contained a sufficient amount of 

dissolved oxygen. In Conesus and Otisco Lakes it did not occupy the bottom water, 

owing to the absence of oxygen, but the maximum number in both was obtained just 

above the low oxygen zone. The largest number in Conesus Lake, 43 individuals per 

liter, was found at 9 meters where the water contained 1.5 cc. of oxygen, but the number 

fell below 1 per liter at 10 meters where the water contained only 0.11 cc. of free oxygen 

per liter. In Otisco Lake the largest number was found in the 9-12 meter stratum 

where the oxygen decreased from 5.8 cc. at 9 meters to 0.34 cc. at 12 meters. 

The largest catch of Diaptomus was obtained at the surface of Canadice Lake, 

48 individuals per liter. This was a rather unusual distribution, since this form usually 

avoids a few meters of the upper water in the daytime. The second largest catch was 

that on Conesus Lake, noted above. In Seneca Lake the maximum number, 20 per 

liter, was found at 50 meters. In both Seneca and Cayuga Lakes, Diaptomus showed 

a diurnal movement of about 10 meters. 

Representatives of the genus Cyclops were found in all of the lakes. In Seneca and 

Cayuga Lakes this form was most abundant in the upper 50 meters, although it extended 

to the bottom. In some lakes, however, it was confined entirely to the upper water. 

In Canandaigua Lake it was not found below 15 meters; in Skaneateles Lake, not below 

the 20-30-meter stratum; and in Owasco Lake, not below the 10-15- meter layer. This 

was a rather unusual distribution, since in general Cyclops seems to experience no 

difficulty in occupying much deeper water than is found in these lakes. Their absence 

from the lower water was not due to a scarcity of dissolved oxygen, because there was an 

abundance of it in the bottom water of these lakes, in fact almost or quite as much as 

at the surface. 

In Keuka Lake Cyclops was most abundant in the upper 10 meters, but in Canadice 

and Hemlock Lakes it was distributed rather uniformly from surface to bottom. In 

Conesus Lake its distribution was similar to that which has been found frequently 

in some of the Wisconsin lakes, viz, a fairly uniform distribution in the epilimnion 

with a maximum number in the thermocline, where there is a rapid decrease of the 

oxygen. The maximum number, 62 per liter, was found at 10 meters, where the dis- 

solved oxygen amounted to only o.11 cc. per liter. But in Otisco Lake, where there 

was also a rapid decrease of dissolved oxygen in the thermocline, no such phenomenon 

was found, there being a fairly uniform distribution in the epilimnion with only a small 

number below this stratum. 

Limnocalanus in small numbers was found in five lakes—Cayuga, Seneca, Canan- 

daigua, Skaneateles, and Owasco. It was confined to the hypolimnion, or lower stratum, 

of all of these lakes. A very few specimens of Epischura were obtained in Keuka and 

Owasco Lakes. 
The copepod nauplii showed great diversity in their vertical distribution. They 

were found at all depths in the majority of the lakes, but they were more abundant 
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in the upper strata, say, in the upper 20 or 30 meters of the deeper lakes and in the upper 

10 or 15 meters of the shallower ones. There was one marked exception to this. In 

Canadice Lake the maximum number was found at a depth of 20 meters, within 4 meters 

of the bottom. In Conesus and Otisco Lakes the distribution was similar to that which 

has been found in some of the Wisconsin lakes. That is, the maximum number was 

found in the thermocline, where there was only a small amount of dissolved oxygen. 

For example, there were 123 individuals per liter at a depth of 10 meters in Conesus 

Lake where the oxygen amounted to only o.11 cc. per liter of water. 

The cladoceran population of Seneca Lake was characterized by the absence of 

Daphnia and by the relative abundance of Bosmina. ‘The latter occupied the upper 

50 meters of water and the largest number, 31 individuals per liter, was found at a 

depth of 5 meters in an evening catch. The only other Cladocera represented in the 

plankton catches of Seneca Lake were Ceriodaphnia and Polyphemus pediculus, but 

only a very small number of each was found. Daphnia was absent from the regular 

plankton hauls on Cayuga Lake, but a few specimens of D. hyalina were found in one 

of the townet catches. Bosmina was found at all depths in Cayuga Lake, but it was 

most abundant in the upper 30 meters. The maximum number, 66 individuals per 

liter of water, was obtained in a morning catch at a depth of 10 meters. Ceriodaphma 

and Polyphemus pediculus were also represented in the plankton of Cayuga Lake, but 

they were not noted in any other lakes. 

Daphmia longispina var. hyalina was represented in all of the lakes except Seneca. 

It was confined chiefly to the epilimnion of the various lakes and was most abundant in 

Hemlock Lake. Daphnia pulex was present in Canadice and Conesus Lakes. It was 

scarce in the former but a little more abundant than D. hyalina in the latter. 

A few Daphnia retrocurva were found in the 12-meter catch of Hemlock Lake. 

Diaphanosoma was noted in Canadice, Canandaigua, Hemlock, Otisco, Owasco, 

and Skaneateles Lakes, and was confined to the epilimnion. It was most abundant in 

Canandaigua Lake, where it averaged about three individuals per liter in the upper 

15 meters. 

Bosmina was obtained in all of the lakes except Canadice, Conesus, and Otisco. It 

was most abundant in Cayuga Lake and Seneca came next. Only a relatively small 

number was obtained in the other five lakes. 

A few specimens of Leptodora hyalina were found in each of the lakes except Conesus 

and Seneca. 

Specimens of Mysis relicta were taken with townets in the lower water of Canandaigua, 

Cayuga, Keuka, and Seneca Lakes. 
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APPENDIX.—STATISTICAL TABLES. 

HYDROGRAPHIC DETAILS OF THE NEW YORK LAKES. 

In tables xv and xvi are given the details of the hydrography of the New York lakes. The figures 

are given both on the metric system and on the foot and mile system (table xv1). All measurements 

and all primary computations are made on the metric system. The areas given for the lake basins at 

25 feet, 50 feet, etc., are derived not from replatting the soundings and drawing a new set of contours, 
but from the hypsographic curves constructed from the measurements on the metric system. 

In the tables on the metric system columns 2-4 give the areas of the lake basin and the length of 

contours at the depths stated in column 1. In the subsequent columns the areas, volumes, and slopes 
are those between the depths stated in column 5. 

Volumes are usually stated to tenths of a million cubic meters. 

The formulas used in computation will be found on p. 538. 
The general results of the hydrography are given in table I, p. 537. 

TABLE XV.—HypDROGRAPHIC DETAILS. 

CANADICE LAKE 

Length 
Depth. Area. of Depth. Area. Volume. Slope. 

contours. 

. Thousand 
Meters. | Sq. km. | Per cent. Km. Meters. | Sq. km. | Per cent.| cu.m. | Per cent.| Per cent. ee 

° 2. 60 100. 0 TS 7 0-2: 5 0. 274 10. 6 6,154 14.5 Io. 1 5 46 
25 2. 32 80.4 10.4 2. 5-5 144 5.5 5, 632 13-2 17-9 10 09 
5 2.18 83.0 10.1 5-10 202 7.9 | 10,402 24-4 24.6 13 49 

Io 1.98 76.0 9.77 IO-15 345 13.2 9, 034 21.2 14.0 7 59 
I5 1. 63 62.8 8. 62 15-20 368 14.1 7,251 17.0 II-0 6; 17) 
20 1.27 48.7 7.52 | 20-22. 5 329 12.7 2,753 6.5 OE she 3 04 
22.5 94 36.0 6.59 |22. 5-25. 4 936 30:0 1,351 BA Ie 45 0 50 
25 14 505 p(y OO seats hs ofa! arn aekGaeys | ane eee] Inpeemmercatninl Relate seal aatcuckeetcentctal lerec nore inte 

ASV Aah ev stareseioretste te si avore om aparece il avait sjcverseaierni|loreoeuiavsiniars DAT lemogaotec COREY. Wl Bebpls cect scl octet oar ol ere acer ciacrs 

OTISCO LAKE. 

[Measurements to causeway near south end.] 

° 6. 84 100. 0 16.6 o-5 2.07 30-3 28, 850 37-7 Bu 5 2 02 
5 4.77 60-7 12.7 5-10 0.67 |* 9.8 22,160 29.0 18.5 10 29 

bie) 4.10 50-9 12.1 IO-15 0. 58 8.5 19, 040 24.0 IQ. 5 11 02 
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CANANDAIGUA LAKE. 

Million 
Cu. Mm. 

° 42.3 100.0 57. 2 o-I0 10. 4 24.4 362. 2 22.1 es 2 55 
iF 35. 4 83.7 50. 5 10-20 3.19 7.8 302.6 18. 4 14.7 8 22 
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TABLE XV.—HyprocRAPHIC DetTa1s—Continued. 

CAYUGA LAKE. 

Length 
Depth. Area. of Depth. Area. Volume, Slope. 

contours. 

Thousand 
Meters. | Sq. km. | Per cent.| Km. Meters. | Sq. km. | Per cent.| cu.m. | Per cent. | Per cent. Se 

° 172.1 Too. 0 153. 8 o-10 47.4 27.5 | 1,435.7 15.4 2.9 1 40 
5 138. 7 78.0 116.5 || xo-20 12.7 7.4 | 1,183.4 12.6 7.6 nil 

Io 124.8 72.5 100. 9 20-30 8.0 4-6 | 1,080.2 Il. 5 Il. 5 6 34 
20 112.0 65.1 93.3 30-40 10.1 5.9 989. 6 10.6 8.8 5 02 
30 104. 0 60. 5 90. 8 40-50 12.0 7.0 878.7 9-4 ear 4 04 
40 93.9 54-6 86. 4 50-60 8.3 4-8 777.3 8.3 9-9 5 39 
50 81.9 47-6 83.9 60-70 7.8 4:6 696. 4 7.4 I0.0 5 43 
60 73.6 42.8 80. 4 70-80 7.1 4.1 622. 0 6.6 10.6 6 03 
70 65. 8 38. 2 76. 3 80-90 8.0 4.6 546. 8 5.8 8.9 5 05 
80 58. 7 Baan 72.4 90-100 8.4 4-9 464. 8 5-0 7.6 4 21 
go 50. 7 20. 5 68.9 I00-II0 8.4 4-9 380.5 4-1 6.6 3 47 

I00 42.3 24.6 58. 2 I10-120 17.9 10. 4 244.2 2.6 2.6 1 30 
IIo 33. 9 10.7 53.9 120-130 15.3 8.9 79.1 0.8 feb 0 52 
120 16.0 9:3 39. 4 130-133 0.8 0.4 ONZE lkcislee ancien I.0 0 34 
125 7.4 4-3 
130 0.8 0. 4 
132.6 0.0 

° 47.0 100. 0 111.2 o-I0 7.30 15.6 432.6 30. 2 12.4 7 04 
Io 39.7 84. 4. 99.5 10-20 5. 49 II-7 368. 8 25.7 17.7 10 02 
20 34.2 72.8 95.8 20-30 7.79 16.6 302. 0 21.1 ioe 6 40 
30 26. 4 56.2 86. 4 30-40 11. 30 24.0 204. 7 14-4 6.1 3 29 
40 Bos 2a 50. 4 40-50 7.92 16.9 108. 8 704 ica 3 02 
50 7.17 15.2 35. 8 50-57 7.17 15.2 16.7 I.2 Ig 0 48 
55-8 Oe acc aeiens acoeame idl Srarameccd coToecocdcc| teeter mole admsa sol Mav odes cellaCopedoced|dmacmenads 

@ 
47.0 1, 433. 7 

OWASCO LAKE. 

Million 
cu. M. 

° 26. 7 100. 0 41.6 o-I0 5. 38 20. I 238. 3 30. 5 wag 4 IL 
Io 21.3 79.8 37.3 10-20 4.27 16.0 191.3 24-5 8.3 4 44 
20 17.0 63.8 33.9 20-30 2.41 9:0 158.1 20.3 13.2 7 36 
30 14.6 54.8 20.0 30-40 4. 37 16.4 122.8 15.7 6.0 3 26 
40 10.2 38. 4 22.1 40-50 6. 57 24.6 66. 9 8.6 2.7 TSS) 
50 3. 68 13.8 13.7 50-54 3. 68 13.8 3. 31 0.4 EMG? 38 
BAWO) «|W Bes aicia a epeteernia vere | Beciaca tree miei] [feishe rer Basic feeegaye cowie the ll capepegegees ats | aveveban yadeveqprell see laretavar alates lteaeemvcteveveks ell euw eters reat 

26. 68 780. 7 

SENECA LAKE. 

° 175. 4 100. 0 128. 3 o-I0 22.6 12.9 | 1,639.7 10.6 5-4 3 05 
Bo) 152. 8 87.1 115.1 10-20 11.1 6.3 | 1,472.6 0-5 10.2 5 50 
20 141.7 80.7 111.2 20-30 7.6 4-3 | 1,378.7 8.9 14.0 7 58 
30 134.1 76.3 109. 6 30-40 8.1 4.6 | 1,300.4 8.4 13-5 7 41 
40 126.0 71.8 108. 4 40-50 9.2 5-2 | 1,214.1 7.8 11.8 6 44 
50 116.9 66.6 107. 2 50-60 10.0 5.7 | 1,113.9 7.2 10. 5 6 00 
60 106. 9 60. 8 102. 6 60-70 6.9 4.0 | 1,034.1 6.6 14.6 8 18 
70 100. 0 50.9 100.5 40-80 6.3 S51 968. 1 6.2 16.1 9 09 
80 93. 7 53-3 99.9 80-90 8.1 4-6 896. 0 58 12.2 6 34 
90 85. 6 48.8 94.8 90-100 6.0 3:4 826. 0 5.3 15.7 8 55 

I0o 79.6 45-3 92.3 IOO-I10 5.7 3.2 767.9 49 I5. 8 58 
110 73.9 42.1 89.1 IIO-120 Sh 4) 3.2 713.3 4.6 15.4 8 45 
120 68. 2 38.0 86.5 120-130 6.4 Ene, 649. 8 4.2 YF 7 28 
130 61.8 35.2 82.9 130-140 11.7 6.7 558. 5 3-6 6. 6 3 48 
140 50. 0 28. 5 73.1 140-150 10.2 Hee 448.5 2.9 6.9 3 57 
I50 39. 8 22.2 67.8 150-160 12.6 7.2 333. 2 2.1 4-9 2 47 
160 27. 2 15.5 55.0 160-170 15.7 8.9 188. 0 573 2.8 1 35 
170 11.5 6.5 32. 4 170-180 9.3 3} 62.3 0.4 24 1 21 
180 2. 2 I.2 11.6 180-188 2.2 1.2 4.3 0. 0F I.7 1 00 
188 A hel eainocieas ato) ateyatetareheraretsy| | eterelerctwrstetossi| aretstoratesersrata}| xovaiatecatatetarellistelatelstsretatsvnd| tteKcistatefapetered| afatatetstevafetst| pietelsierelatatats 

175. 4 15, 539. 5 
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TABLE XV.—HypROGRAPHIC DETAILS—Continued. 

SKANEATELES LAKE. 

Length : 
Depth. Area. of Depth. Area. Volume. Slope. 

contours. 

Thousand 
Meters. | Sq. km. | Per cent. Km. Meters. | Sq. km. | Per cent.| cu.m. | Per cent. | Per cent. eee 

° 35.9 100.0 52.0 o-10 8. 82 24.5 314.0 20. I 5. 51 3 09 
Io 27.1 75.5 45.2 10-20 2.93 8. 256. 3 10.4 15.2 8 35 
20 24.2 067-3 43.8 20-30 2. 42 6.7 229. 4 14.7 17.7 10 02 
30 21.7 60. 5 42.0 30-40 2.14 6.0 206. 5 13-2 19.2 10 52 
40 19.6 54-0 40.3 40-50 2. 84 7.09 181.6 11.6 13-9 tL 15h) 
50 16.8 40.7 38.9 50-60 2. 80 7.8 153. 8 9-8 13.9 7 55 
60 14.0 38.0 36.1 60-70 3. 65 10.2 121.1 7.7 9.1 5 12 
70 10.3 28.7 30.3 40-80 5. 05 14.1 76. 4 4:9 6.1 3 29 
80 5. 26 14.6 31.0 || 80-85 2.95 8.2 18. 4 1.2 3-9 2 14 
85 2. 31 6.4 14.6 85-90. 5 2.57 6.4 5.3 0.3 7 0 58 
90 0. 03 008 SOUS ashOeon pn loaenaneeidal h cows be tnellnosed Moose lninne a SeeRs lade emetatne IN Meraeee 

36. 1 1,562.8 

TABLE XVI.—AREA AND VOLUME OF THE LAKES IN MILES, ACRES, AND FEET. 

CANADICE LAKE. 

Depth. Area. Depth. Area. Volume. 

Million 
Feet. Sq. mi. Acres. | Per cent. Feet. Acres. | Per cent.| cu.ft. | Per cent. 

° 1.00 642 100.0 0-25 130 20-3 677 45.1 
25 - 80 512 79:8 25-50 108 16.8 492 32.7 
50 63 404 62.9 50-75 187 29.1 322 20. 4 
45 34 217 33-8 75-83 217 33-8 14 9 
EQ. llbdhe doeadloonobetooolleoaaeeddaciis doaeue da olfo5 0b. ap Ono DoDeomrocol Copa ccrcite| Omee Oeric c 

642 1,505 

° 16.3 10, 440 100. 0 o- 50 2,890 27.7 19,390 33-3 
50 11.8 7,550 72:3 50-100 1,250 12.0 14, 460 24-0 

100 9. 84 6, 300 60. 2 IOO-150 1, 260 12.0 12,240 21.0 
I50 7. 87 5,040 48.3 150-200 2,200 21.1 8,925 15.3 
200 4. 44 2,840 27.4 200-250 990 9.5 3,045 5.2 
250 2.90 1,850 17-7 250-274 |. 1,850 17-7 130 +2 
AF eiane 7.3. 240| lade aa oe Mero cecal loge cacaco ollecbpete. me cel Grn e.6. ot Ot Pe, eo ere Eis or eee 

10, 440 58, 190 

CAYUGA LAKE. 

=) 66.4 42,520 100.0 o- 50 13, 440 3I. 6 77, 465 23.2 
50 45.4 29,080 68.3 50-100 3,490 8.2 59, 460 17.8 

100 40.0 25,590 60. 2 IOO-150 4,100 9.6 51, 160 15.3 
I50 33.6 21, 490 50.6 || 150-200 3,500 8.2 42,940 12.9 
200 28.1 17,990 ' 42.3 || 200-250 2,820 6.7 36,070 10.9 
250 23.7 15,170 35-7 || 250-300 2,910 6.8 29, 815 8.0 
300 19.2 12,260 28.8 300-350 3,170 ra 23,165 6.9 
350 14.2 9,090 2I.4 350-400 5,980 14.0 11,065 Pe) 
400 4.90 3,110 7.3 || 400-435 3,110 a3 1,628 <4 
AG Sean | aera ren | ietecavtra cetera |i aesvave/ ctata/apol| eiatore’ ayers /ecets | stone ala covsyoiei | ial SaveLelarstetnlell'e'd ayalaynie/palei|‘suximiace occiw ste 

42,520 332, 788 
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TaBLE XVI.—AREA AND VOLUME OF THE LAKES IN MILES, ACRES, AND FEET—Continued. 

KEUKA LAKE. 

Depth. Area. Depth. Area. Volume. 

Million 
Feet. | Sq. mi. Acres. | Per cent. Feet. Acres. | Per cent.| cu.ft. | Per cent. 

° 18.1 11,610 100. 0 o- 50 2,520 21.7 22,675 45-2 
50 14.2 9,090 78: 4 50-100 2,720 23:5 16,775 33:4 

I0o 9. 96 6, 370 54-0 IOO-150 3,750 32.3 9, 380 18.7 
150 4. 09 2,620 22.5 150-186 2,620 22.6 1, 370 2.7 
Ce Spot cee | Potoices fa Sa] IS DIOCIE OOP Gabe odio aera lio Seteibib ¢ aic-o laches rin cevol heen cies otal eat Oct a ae 

11,610 50, 200 5 

° 2. 64 1, 689 100. 0 0-25 595 35-2 1,470 54.3 
25 I. 7I 1,094 64.8 25-50 255 15.1 1,050 38.8 
50 1.31 839 49-6 50-66 839 40. 190 7-0 
OG iM ieerevctoseiecsreiel|(ereyieteVete evel eretebataterereretal| lietexcceiayeraveiartt| (evchota) ensroserci|tereyersacterekevsyel | evens csnstetise ste ltctetene arcteretate 

1, 689 2,710 

OWASCO LAKE. 

° 10.3 6, 600 100. 0 o- 50 1,960 20-7 12 271 44:0 
50 7. 26 4,640 70. 4 50-100 1,150 17.4 8,965 32.8 

100 5. 45 3, 490 52.9 IOO-150 1,910 28.9 5,490 20. 0 
I50 2. 47 1,580 24.0 I50-177 1,580 24-0 626 2.3 
°C) tal NEES Ben col Miaeoc OD oo] Geer co cod | qtbel cco Meaabi, 0.6.0.5) Ineo cache) Mota oge sa) Aaa o hc 

6, 600 27, 352 

SENECA LAKE. 

° 67.7 43, 330 100-0 0-50 7,120 16.4 86, 165 15.7 
50 56. 6 36, 210 83. 6 50-100 3,210 7.4 75, 265 13.8 
I0o 51. 6 33, 000 70.2 100-150 3, 160 Vo 66, 725 12.2 
I50 46.6 29, 840 68.9 150-200 3,630 8.4 60, 980 mae 
200 41.0 26, 210 60. 5 200-250 3,550 8.2 54,210 9-9 
250 37.0 23, 660 54.6 250-300 2,760 6.4 48,305 8.9 
300 32.7 20, 900 48.2 300-350 2,180 5.0 43,110 7-9 
350 29. 3 18, 720 43.2 350-400 2,220 Sen; 38, 330 7.0 
400 25.8 16, 500 38.1 400-450 2,410 5.6 32,155 5:9 
450 20.5 13, 090 30. 2 450-500 3,950 Q. I 24, 100 44 
500 14.3 9,140 21.1 500-550 5,340 12.3 13, 050 24 
550 5. 84 3,800 rea 550-600 2,290 ag 3,410 0.6 
600 2. 35 1,510 0.3 600-618 1,510 35 BOs nearer crates te 
(hein aes aces ee Boe e real Somooodte alll don scene otante sco |sbokcomaoolanbidaase sollucsnccsans 

43, 330 545, 845 

SKANEATELES LAKE 

° 13.9 8,900 100. 0 0-50 2,550 28.6 16, 495 29. 8 
50 9.92 6,350 71.5 50-100 1,010 II. 4 12, 695 23-0 

100 8. 34 5,340 60. 2 IOO-150 890 10.0 10, 800 10. 5 
150 6.95 4,450 50.1 I50-200 1,090 12.3 8,465 15.6 
200 5. 25 3,360 37-9 200-250 1,580 17-7 5, 480 9:9 
250 2. 78 LZBO\l ciaseeatte 250-207 1,780 20.0 1,220 Bas 
Yo) (etl in tige chal RSG oonoo| one teced | Sota naa to te 85 ao Son beaoenealtonaadhodsl Boodancs06 

8,900 55,155 
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TEMPERATURE OBSERVATIONS. 

The temperatures observed in 1910 are stated, with the gases, in table xvm1, and are shown in 

figures 8-17. The bottom temperatures, stated in table mm, are derived from these observations, the 

temperature curve being extended, if necessary, to the deepest water. 

TABLE XVII.—TEMPERATURE OBSERVATIONS. 

WINTER TEMPERATURES, norr, 1912. 

Owasco. Skaneateles. 

Cayuca, ee 
eb. 13, ne 

Depth, IQII; Feb. 11, | Mar. 1, 19XT; Feb. 11, | Mar. 7, 
meters. f ‘ 5 clear, s é oggey, I9QII; 1912; light IQIl; IQI2; 

calm. | snow, ice;| clear, ice; eonih clear, ice; | clear, ice; 
Ir cm. 52 cm. i 6-8 cm. 50 cm. 

° 2.00 o. 10 o. 80 3. 25 0. 70 I. 00 
Sieh |neacdo ccass = 70 Lat S OM ll sot czetcteietstays||eatevetsye revelers 2. 20 

Io 2.10 «70 I. 30 3+ 30 +70 2.25 
Fe) ol anode cand sadou renee I. 40 3+ 40 I. 00 2. 40 
30 “75 TeyOO! Ui: vlog I. 20 2. 40 
40 - 80 AOD} ail laiaeeteyerale\siei=||epeiea te. o7s eid 2.50 
50 a3. 00 Opel» oR Aer ate CI. 20 2. 60 
We, alle) ZEECL Macnos ododslleoondcasen|lencsneedaa|boacpeddie 2- 70 
ORM U[ialotersfetateretat| ehsclalatalavaueverey| seta ofatets retetai ltemaWeyeta ta tasevera'| Gyaveuebere terete 3: 00 

BOM eve yraute rel s eal Neetalctea le all iclaye apencric ely ABA) aul learaaiae a3. 10 
GP) lbanoonsadllaseekaobood Sok Dob aoeln lane DOmaaEnn|(O ca sec el [oe ee nere erie 

TOON ele cscs Metsaye el favefecttn eis ote de evars auatorstala | abner s so tatcis [lve emisrd ae ale vletso 
SS) oN OEE inal See dpe cd] Meee er |G cee Sea ae Chee creer [to eect 
LOOM reesresntayenctareeell ceveraveay oketes B |eys.crsyevek coves SpiGO Viilkoodass véllasaeienoses 

Mud.... I.2 (PEGS lnc oceans Meee Bc onal orc ce eee tine 

SUMMER TEMPERATURES, 1011, 1912. 

Canan- Skane- 
daigua, | Cayuga, bsonee Owasco, owa: Seneca, ateles, Skane- 
Sept. 4, Sept. 2, ee 5 Sept. 3, Seo Fania Sept. 1, | Sept. 3, ateles, 

Depth, IQII} IQII; ae IQII; Dt 13, IQII; IQII; Oct. 18 
meters. clear, clear, ale akye clear, He azy, clear, I9I2}; 

calm; | freshS. | jones’ | light N. | Coen’ | light S. | fresh clear, 
mean of wind. ara 5 wind. cama. | or calm. NW. calm. 
4 series F wind. 

° 20. 7 20.0 20. 6 19-8 19. 6 20.0 19. 6 14-0 
5 BORE Nagareecona 20. 4. 19. 7 19-3 19: 4 19.6 13-8 

Io I9. 5 19. 8 20.0 9. 5 IQ. 2 Ig. 0 Ig. 5 13-7 
rl eRe Seed Cia cae LO SW. See iCBCY A bao dh Ae doo GoonnOB AG adaonte cae 
12 OLS ae Piles cteus. satel 14-9 IQ. 3 18.8 24o1yts lel Seon coor aerccd cee 
ney Aeecsic amolla dered oo 4 12.1 19. I VB ccd | Febasetave veut vert oratetteeiovonararel| bretesererrotateve 
nh Worker ana gB 19. 6 IO. 3 17-3 TCS || aon denn Alc apaeene decal Foro OOS 
I5 15-7 19-0 9-4 16.6 18. 2 18.4 19. 3 13-6 

16 12.2 MBiABe oU iatarpie eeviever sts I5-9 17-0 17-3 TSB. Yh ser lee 
17 Il. 5 16.1 7.3 15-4 15.8 14-9 YM locloor deat 
18 10.6 13-8 TSO! oF |eeletacetaialevers 12.3 TOs 4b EE autores 
hy Whe Poe do noe Beth Fy Ree Incense Ore Pi. x PY OT eellangeron aoe 
20 907 Io. I 9.1 II.9 Io. 2 13:3 13:5 
25 5-6 7-9 7-6 9.1 6.8 77 13-5 
30 5.2 5.9 6.6 8.3 5-8 6.5 IO. 3 
40 4:6 4.8 5.5 4-6 4.8 ao 6.8 

50 4.6 4.5 5.3 7-3 43 55 6. 5 
60 4:4 Aad ia protercteislstatare | itsiskerate aters||(efoyavatareinie/etel| evetateraccveretote|| oteteintatas viata 6. 4 
10 4:3 Any Al teal | ratarte tates |e Geoaceureheseter || neekavecetauece: cts 4:2 t4.7 6.3 
80 94.3 pn AN See Eales Oe | | ea Aad Sasat’ mall aon Nrarnnan h6.3 

Miele Nae an aang (Cha ilo anedinares| heeoee SaH8) sOasE aCe Avy |nemac steele ative 
ACH Wah |latteracsvatctaiebea UL ony, | lc Ho den dee] pce bora aid aes Mor Asean tet rwte erelersini nferateiereseteyt) 5 
LOA hy enviteee ty Mereral ra talt re ces cvetal Ss evalnre: ove: evatal| larareiatate ovabslllaleeare,woateuats As Orie eitig inn | hreeracate ates 

@ 5x meters. 
b 48 meters. 
¢ Off Mandana. 

covered by ice. Depth, sr 
d 45 meters. 

Lake only part frozen. 
meters, 

Deeper water not 

€ 49 meters, 
/ 69 meters. 
9 73 meters. 
h 80 meters. 
i yar meters. 
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DISSOLVED GASES. 

The depth is given in meters, the temperature in degrees centigrade, and the gases in cubic centi- 
meters per liter of water. ‘The last column shows the per cent of saturation of the oxygen. In the 

free carbon dioxide, a minus sign indicates that the water was alkaline, a plus sign that it was acid, 

and neut. that it was neutral to phenolphthalein. The degree of alkalinity or acidity is indicated by 
the number of cukic centimeters of carbon dioxide that would have to be added or removed to make 

the water neutral. 
TABLE XVIII.—OBSERVATION ON GASES. 

Carbon dioxide. Oxygen. Carbon dioxide. Oxygen. 

Depth, | Temper- |——_———_ Depth, | Temper- 
meters. ature. Ce meters. ature. 

2 . per | Per cent . Ce. per | Per cent 
Free. | Fixed. liter. of sat. HGS | EGS liter. of sat. 

CANADICE LAKE, AUG. 16, ror0. HEMLOCK LAKE, AUG. 23, ro10. 

° 22.2 —0. 51 6.83 6.50 102. 7 iets 

5 résay | \Weocacacealleonoacanae 6.60 104. I 3 aa iy <3 Be a 35 e ay ee 
8 20. 6 —o. 51 6. 83 6. 88 105-7 3 oh r 6. oe a Q 3 
9 19-7 —o0. 25 6. 83 6. 98 105.6 5 aa gral pees on Polio eee, ¢ a Pe set 

ze 75+2 ates ae 6.83 E & eth Io 18.0 12.90 7. 42 Bt Ir 13-0 Cnet) |lnonccocnse - 89 QOL? 2 Alto ge Wires le Li) eae UY |e ele sees % 4 e 
12 II.2 Se pra |i oe nen ee 6.13 78.5 a ae Ho. 38 sees) 7 iB ees 
15 93 +253 6.83 aD 64.8 a5 ee geome dallacdovodnes Bae Pe 
2 : Be 2 MARRORE: ow Ae o2 || <2 | 9:8 | 43-29 |...+--00-- ' : 
Be 3. 3 oh of 6.83 eat ee 24 9-5 SE OO Mil letaiereleievelaies I-37 16.8 

CTA lleagnatedcclidbun annovollosanoscace 2.42 28.8 27 9-3 +7- 10 Bes) Shufe 8.5 
24 8.0 +4. 45 6. 83 2.39 28.4 

CANANDAIGUA LAKE, AUG. 20, 1910. KEUKA LAKE, AUG. 18, 1910. 

° 20.7 —3-00 24.03 6.75 105-7 
5 PLEA Wneoroocasdlondescocs00 6.75 105-0 ° 21-3 —2.00 16.75 6.91 I07-5 

Io 20.6 —3-00 24.03 4.02 107-9 5 21.3 —1.80 16.75 9.05 Io9. 6 
15 13-1 —1I.54 24-54 7.83 104.3 Io I5°5 co. 35 16.75 8. or II2.0 
20 8.2 IN@uUte |e ae ce 7-90 94-4 15 9:7 bo. 25 16. 75 8. 10 IO0. 2 
25 7 (Oy MIME cates ota 7.90 93-1 20 8.3 arene} |l-coaguacnc 7-80 93-4 
30 6.3 -bo. 5 24.8 8. I0 92-6 30 14 ++I. or 16.75 9.47 87.6 
7) 6 Wn conppacollon senonodeallacaoannago 8. 20 93-0 GO Jowtesrccenleeeserseeelenenennece 7-52 87.1 
Won sAbeHee os +0. 75 24.8 8.00 89.9 52 6.4 +2. 53 16. 75 5°57 63-8 
FO \ |loboossoobe +0.9 25-30 7-13 80.0 
80 5-4 +1. 26 25.60 6.45 72.1 

CAYUGA LAKE, AUG. 1, ro10. OTISCO LAKE, AUG. 16, roro. 

) 19.8 —2.50 22.20 6. 65 100. 4 ) 23.0 —2.50 21.00 6.72 107-7 
5 (0) Hi oS BEAOS olla none ane 6.85 103-5 5 22.4 —3.00 21.00 6.81 107-9 

10 19.6 2-50 22.20 6. 84 103-3 8 20.7 ——2530) 21.00 6.70 103-1 
15 19-2 2.50 22.20 7-00 105-0 Cee aaopcoace —2.20 21.75 5-77 85.6 
18 15-9 =o. 40 22.20 8. 28 116.7 Io 17-4 +1. 01 23-50 3-00 43°5 
20 Il. 5 —0. 40 22.20 8.27 106. 5 are jl ae a +2.30 25-30 I. 19 16.6 
25 8.6 Neut. 22.80 8. 53 102.9 I2 13-5 +2.80 25.80 0.34 4S 
30 9-0 INGLE. ieee ec)s icine 8. 68 I00. 9 15 12.6 ++3..03 28.10 0.05 0.65 

40 5-9 bo. 12 22.80 8.80 99-6 17 I2.3 +3. 80 28.30 0. 00 0.0 
50 Boe 7 Nes sedanedloncogsedos 8.93 99-1 
75 4:5 Os AO) | |iatelaie =r einis 9. 05 98.9 

100 4:5 “bo. 75 23.30 7.92 86.6 
122 4-4 +1.00 23-8 4.63 83.2 OWASCO LAKE, AUG. 13, 1910. 

CONESUS LAKE, AUG. 25, 1910. 
° 21.5 —2550 22.20 6.82 106. 4 

a Ae ee Pee 626 fae 3 20.3 sodoabsoudlbooodosods Fees a0 5 

ese pee ee eo | Ged sag) || Maxoie’ (iba: (ocoscleccatt acc. @Rt6calenl Mines 
2 es Hispee 23002 6.00 93-5 15 15.1 —2.50 22.20 7.97 110. 6 
9 20-3 +r. 77 24. 03 I. 50 22.9 5 an ie, HO 756 96.8 

Be} 16. 4 +3. 03 25-30 oO. IT 5 ey Be 9.8 Ue . eee wee oss 
It L5e 5 [ee cce alsiemielivrecincs eves 0-05 O-7 

| a8 | fstegal Beet | eiee | oe Musee ce eee 
I5 RE Nee ean soo do 26. 30 Dial scaal tare dexcscisseaehela 17. § cane Be rei area eee ete 50 Vee +1. 26 22.50 6. 82 79-5 



A LIMNOLOGICAL STUDY OF THE FINGER LAKES. 603 

TABLE XVIII.—OBSERVATIONS ON GasEs—Continued. 

Carbon dioxide. Oxygen. Carbon dioxide. Oxygen. 

Depth, | Temper- Depihs eres 
meters. ature. meters. ature. : Ce. per | Per cent pi Ce. per | Per cent 

Free. Fixed. er of sat. Free. Fixed. liter. of sat. 

SENECA LAKE, AUG. 3, 1o10. SKANEATELES LAKE, AUG. 1s, ro10. 

° 20.2 —2-50 22.00 6.85 104.6 ° 22.7 Tas 21.25 6.75 107.6 
5 THO IlRoAoodenalhodgooscdd 7-00 105-7 5 OH Econ soneG5|laeaacoonde 7.02 106. 4 

10 19-0 —2" 50 22.00 47-40 110.6 Io LOA) |) eyocs pier eeteter ll totenaytncsactereie 7.51 tog. 8 
15 WB. Abiobhodoedccupadeges 7.80 112.8 15 12.6 nay 21.25 9-15 120.6 
20 11-6 —I.00 22.00 8. 40 108. 4 20 8.6 0.55 21. 25 9-20 III.o 
30 8.3 —o0. 50 22.00 8. 80 105-4 | Bist he Mere ovis. Wetter nyse ses 8. 88 104-9 
50 GAA Noodoaonooslloconcsoedd 8.70 99-0 30 6.8 +o. 25 21.25 8.77 IOI. 4 
45 ASO Dillcrevrate steve or lladesatereterciciels 8.90 97-5 | 50 5-9 +o. 75 21.40 8.65 97-9 

MODE ere ai\sicteiois'« Neut 22.00 9. 00 98-4 | Tovey A cde eta a/<rs |e eye ain a l|lstexsid «elas © 8. 24 92.8 
BAO! P| lertycteyois, ous +o. 25 22.20 9:10 99: 2 83 Sas +1. 00 21.80 7.89 88. 4 
TE OW ME lism islesciarets, -Fo. 40 22.20 8.55 93-0 | 
173 4-2 +1. 26 22.20 8.45 Cyinyy, || 

DISTRIBUTION OF PLANKTON. 

Table x1x shows the vertical distribution of the various plankton organisms, giving the number of 

individuals per cubic meter of water at the different depths. The members grouped in the different 
columns are indicated as follows: 1. Cladocera, B=Bosmina, C=Ceriodaphnia, D=Daphnia, Di= 

Diaphanosoma, 1=Leptodora, P=Polyphemus; 2. Copepoda, C=Cyclops, D=Diaptomus, E=Epischura, 

L=Limnocalanus; 3. Nauplii; 4. Rotifera, An=Anurea, As=Asplanchna, C=Conochilus, N= 

Notholca, Pi=Ploesoma, P=Polyarthra, T=Triarthra; 5. Protozoa, C=Ceratium, D=Dinobryon, 

M=Mallomonas, V=Vorticella; 6. Green and blue-green alge, An=Anabaena, Ap=Aphanocapsa, 

Aph=A phanizomenon, C=Clathrocystis, Coe=Celospherium, G=Gloeocapsa, =Lyngbya, O=Oscil- 

latoria, S=Staurastrum; 7. Diatoms, A=Asterionella, C=Cyclotella, F=Fragilaria, M=Melosira, 

N=Navicula, S=Synedra, T=Tabellaria. 

When present in relatively small numbers, some forms showed an irregular distribution—that is, 

they were not noted at certain depths, but were found both above and below these depths. This does 

not mean, however, that they were entirely absent at the intermediate levels, but that they were not 

found in that portion of the catch which was counted. 

TABLE XIX.—ANALYSIS OF PLANKTON CATCHES. 

CANADICE LAKE, AUG. 24, 1910. 

‘ Green and 
Depth, meters. Cladocera. | Copepoda. Nauplii. Rotifera. Protozoa. blue-green Diatoms, 

| alge. 

5 D. 3,650 | C 2, 800 rea (e 252,000 rs na aye A 63, 300 Huot ern onaminneBneA dan Di z,400 | D 48; 600 V 5,700 | Restons F 42,200 

5 {B; 5,000 | C 4) 200 em Cc 252,000 | C 294,000 | A 126, 600 
Aig can ai ee aire \\Di a,;100 | D 20, 700 5 Vv 2,100 | G 63,300 | T 21,100 

D 2,100 | C 2,100 Cc 63,300 | An 700 
} He RASRRDPNIIELS AIERE kPa hana 2,800 | D Ayres Io, 700 | P 1,400 | y sae 168, 800 A 189, 900 

Cc 84, 400 | (e) 2, 800 2 re) 42, 200 
Brera \ecnrale ticki e hee: nieca Vd 4D J P D 68,800 | A ~ 7 | 700 | th 12, 800 40, 000 4) 200 MI sine G 42) 200 A 759) 600 

46512°—14——6 
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TABLE XIX.—ANALYSIS OF PLANKTON CaTCcHES—Continued. 

CANADICE LAKE, AUG. 24, 1910—Continued. 

| 

Green and 
Depth, meters. Cladocera. Copepoda. Nauplii. Rotifera. Protozoa. Blue greets Diatoms. 

: algz. 

Cc 5, 000- An I,400 | C 21,100 | C 2, 100 
Kaw. Saree REE {p 720 | pH rasa 20, 700 tA M tin Gea || Ay ae A 1,561,400 

MAA OH OPER SAG dou D OBES {D yoo | D 4, 200 35, 700 yoo | M 42; 200 & Ty AC CA 400, 900 700 

Sy aime taco ee Tae Oo D 200 | D 4, 200 49, 200 Cc 21,100 S aa A 232, 100 

A y 
BON estilo sea eiepe pee Tae {p 2,800 97, 100 7,000 T es oan 

CS One atees ob Ss one 15, 700 c eae ee A 163, 300 

CANANDAIGUA LAKE, AUG. 20, rg10. 

B 260 Ap II, 600 (e 4) 500 Cc 130 u A 34, 800 
OB saves stale ale epeuaheconenenns D 920 18, 500 Cc 23,200 | C 61,900 Di Sas D I4, 200 , i I, 300 u S eee F 3) 800 

B 260 Ap Ir, 600 7 
Cc 3, 700 Cc I30 y A 34) 800 

HSNO) -psssssasesecceces D I, 600 5,900 Cc 92,900 | C 58,000 . Di A geo D 7, 200 ? P 2,100 4 Coe 3, 800 F 200 

B 260 Cc 520 Ap 3, 800 
PORTE os a ATR AE ee D. I, 300 ¢ 2, Aas 2,150 | N 130 iS 5° See Cc 54 200 * 5° mee 

Di 2,750 up P 650 7 Coe 23,600 3 

An 7) 700 
B 130 , 

Gale WHER UERS Sas abate Cc 520 Ap 7,700 | A 2,100 
2. Fee aD x9 399 | p 200 c 3,800 (e I5,500 | T I, 200 

Coe 42,600 

An 1,900 
B b {ove} ? 

ZO—308 since inion eremeetias D 2,230 ty, ne N 130 | C 3,800 &e ei us 
, 

L 3° Coe 7) 700 

30-40 B z00)|D 400. 65 Cc 65l¢ I,900 e pes F I,900 HE BTS BIN AL Ia 3 ; , D 590] L 130 N 130 Coe 3, 800 

Ap 2,900 | A 960 
7 [oo HAMS a chs BCE B pe 2 ate 25 |C 130 Cc 2,900 | F 960 

5 Coe 1,900 | T 960 

D 4oc Cc 65 Cc I, 900 
GOsTOMN Ss Sei aee aiteh teers {B 130 | 7 Oo P 28 ic 1,900 | Goe 3,800 

D 850 Ap I,900 
FO=SO wellcvehein) aia ete Nee {B 200 | 7 Hs Cc 1,900 | Goe ates 

CAYUGA LAKE, AUG. 12, rogr0. 

. An 350|C 2,525,000 A 4,494, 000 
OWandorimmoococoudcount ie ees S ee 4,300 | As 21,400 | D ‘ I5,500 | An 2,800 | F geese 

4 rai P t00, 700 | V 2,800 T 299, 600 

An Ole yx 200 A 809, 000 
B 32,100 | C 2, 800 AS 20,000 D 14555 An 2,100 | 35 3 6.8 

or eG OAL oP 700 | D Hes 1,400 | pj} 2 RSS 151500 | G PEnisS .I, 326, 800 
y Ty ao eS V 2,100 2 T 128, 400 

, 

An 5) 700 JN 8 IN re Bey 4, 280, 000 
TO wee cnieais asl atmrainireisteiete eS eae D I, 400 6, 400 Pi bee D x neelees (cc 42,800 Bs 2) a08sos 

P 95,700 as 
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TABLE XIX.—ANALYSIS OF PLANKTON CatcHEs—Continued, 

CAYUGA LAKE, AUG. 12, 1910—Continued. 

605 

Green and 
Depth, meters. Cladocera. Copepoda. Nauplii. Rotifera. Protozoa. blue-green Diatoms. 

23 alge. 

An 2,100 I mgigpess 

Micvetatistete eerie B 55) 700 Cc 22 8, 500 As 24)200 | C 1, 241, 000 Cc 313,000 | F 1,797,600 
D I, 400 Pl 5,700 | D 128, 400 

P fa, nee 4b) 85, 600 

Cc : Pivcs An 54,400 | C 428, 000 A 1,583,600 
Pata wtdotnnee teeter Gases B 17,100 | yy nace 470,700 | AS 12,100 | D 42,800 | C 8,500 | F 1,112,800 

q Pp 21,400 | M 7710; 400 T 642, 000 

An 6, 400 A 1,027,000 
on Cee R Se Eee B 5,000 c pee 12,100 | N ion Cc 299, 600 | q 600 | F ‘ eased 

D I, 400 M 95, 600 95) 470) 
U Pp 40, 000 y a 470, 800 

An 200 A 67, 500 
£6 es Cue ERE CREE ES 2 360 . ea I,200 | N 100 c oe Cc 3,500 | F Pe, HOS 

P 2,100 7900 T 27, 000 

An 50 A 41, 800 
Ser avereneisnetelpverotory susie fp 80 2 a 1,000 | N 50 | C Io, 800 | C I,500 | F ee 

P 630 : T 3 700 

. An 30 A 35, 600 
CO nf cst acne ie 670 < os 60 | N 30 | C 26,300 | C 1,500 | F 20, 000 

: P 630 T 7,700 

An 90 A 30,900 
TOS aaenoeDeneone fp 60 a a 160 | N 30 a Pee Cc I,500 | F es6eo 

ip 180 2 T 15,200 

CONESUS LAKE, AUG. 25, ror0. 

ix 
| An I, 400 
|¢ 464, 200 A ¢ 

ph 42, 200 
OES REE OE D_10,700/C 5,000 8,000 | P 20, 7008 | > CAAES) |S 84, 400 A AasACe, 

: M 24,400 | Ge 136) Goo | EF 11391400 
Vv I, 400 J 42, 200 

ae eel eee tec eEe ae EEE D : 700 BB 000 COE yg 29574004) Een... date 
7,100 1 C 81000 15,700 | p 25,700 | M 42,200 | L, 42,200 | F Barons 

S) 42, 200 

Cc Anes N oA (S 253,200 |} An 2,100 | 9 
GSA DORE Br oan D 4) 200 , 9) 200 7 M 84,400 | Coe 717, 400 Ba A02, { D 2, 800 P 22,100 | y, bien S nies F 1,899, 000 

Cc 6, 400 An yoo | C 2 Coe 800 | A 8. eLede salniniereiss hoe bees D 4 meee) ye 379» SCO) 
{ 5)70° | H 43) 500 38, 400 P 4,200 | M 84,400 | S 42,200 | F 1,477,000 

An 4700 
Cc 62, 100 Coe 126, 600 

75) GROSORRO SCRE aL p 5o1n oes 122, 800 ay abies (o 337, 600 S omnes F 295, 400 

Bets pitictiieretaratevertre:y {> 30 |C 6, 400 7) 100 nN p Es Cc 84,400 | Coe 21,100 | F 21, 100 

+) SAREE. Ree ee {c nee a 5 Cc 21,100 | Coe 21,100] F 42, 200 

iphorataka eyelet iuatate |p/=.a0F Coe 6, 6 
{c 42,200 S ae ae F 2,100 



606 

TABLE XIX.—ANALYSIS OF PLANKTON CatcHES—Continued. 

HEMLOCK LAKE, AUG. 23, 1910. 

BULLETIN OF THE BUREAU OF FISHERIES. 

Depth, meters. Cladocera. Copepoda. Nauplii. 

B 50 
Chonomon nes ooDooBaSsor B 7,800 a 2,860 19,300 

Di I, 700 #7590 

D 5,000 
53 to coeonocsohtansasoo {pi 500 a Sioa 20, 000 

L 200 ? 

D 5,700 | C I, 400 
Bieri avetclvclarshsleteetoreivernte Bi z 700 | D nae 18,000 

Nels GoceponobobaccoaadS D 7,100 < Bees 81, 400 

B Cc 800 
SE As eh civeracte miemiseiemee . a eos D pies 50, 700 

B Cc 600 
Poe ego domanoonneces a as D BS 57,100 

BOR Pe ad aca ee ee {D 300 e a oe II, 400 

KEUKA LAKE, 

B 650 

OaBictavayeidie seis one ntecsavens 5 0 Cc To, 800 I, 000 

L 150 

SSTOWRS 5 ae E an C 17,000 1,300 

Cc 2,750 
NOBUG He's) oisis Peseta ard as ¥ ees D 260 900 

E 400 

(iS 260 
UGSQO wiescteis ale aihelenteere B A 260 D 260 300 

1490 | pw 520 

B 260 | C 130 
ZO=-ZSininiistwievelere sYeueietave, siete D 900 D 4,060 200 

e B 130] C 130 DZ O sai s\(c. 01 abet avese isis Q 260 | D hOEe 400 

B 130 | C 60 
EC Op RA Ree he oh B Fall Ay AEO 650 

B 45|C 200 
{Cres topadacoonapenc B <2 Il iy ae 450 

Rotifera. | 

7E 

2 Ze BWZO WZO WO 

2 

8 838 

4 S S 8 

AUG. 18, 1910. 

> n 2,360 
260” 

1,440 

18, 300 

I, 300 
130 

2,230 
II, 700 

be WZObb WZ0b ZO 

o 8 

B 1) & 8 

BE BUAZeP B20 

& cay fo} to} 

B H ow ° 

az Ah 

Nn S 

Protozoa. 

I,9055,c00 

1,477,000 

T, 566, 400 

I, 645,800 

844, 000 

633,000 

211,000 

77,4090 
7) 700 

286, 400 

224, 400 

38, 700 

31,000 

157500 

II) 500 

II, 000 

Green and 
blue-green Diatoms. 

alge. 

Aph 42,200] A 7385.500 
c 84,400} F 147, 700 
Coe 337,600] T 42,200 

A 1,266,000 Cc 42, 200 saa 
Coe 464,200 EB Bee eS 

c 42) 200 e vee 

Coe 295,400 | > 126, 600 

Cc OED a s7a)80 
Coe 1,097, 200 337) 

T 168, 800 

A 126, 600 
Coe 422,000 FE 465,300 

Coe 590, 800 = pues 

coe aco |S ate 

A 619, 200 
Cc 7,700 | C 15) 500 
Coe 7,700 | EF 900 

T 38, 700 

c eed A 1,153,200 

Coe oe xB I, 532) 500 
7 

Aph 71700) a 921,000 
7700 | I, 470, 600 

Coe 7) 7°90 T 433) 400 

oO 77; 400 i 

Aph » oe = 201, 200 
g 835,900 Coe 5,500 LU Saeecs Ls 681, 000 

Aph 7,000 | A 154, 800 
Cc 4,000] F 425, 700 
oO 301,800 | T 317,300 

Aph 15,500 | A 38, 700 
Cc 3,000 | F 263, 200 
oO 154,800 | T 92,900 

Aph 1,500 | A 34, 800 
Cc 3,000 | F 50, 300 
Oo 23,200 | T 31, 000 

A _ 107,600 
c 5) 500 : 
O tea |i eee 
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TABLE XIX.—ANALYSIS OF PLANKTON CaTCHES—Continued. 

OTISCO LAKE, AUG. 16, 1910. 

*e : Green and 
Depth, meters. Cladocera. Copepoda. Nauplii. Rotifera. Protozoa. Bite erred Diatoms. 

alge. 

D 2,830 An 650 
CAO in nee Aen aneaarcic pi 1,850 C 76 13,860 | N 220|C 148,800 G 49, 600 E 4) Boo 

L 65 51935 Pp 7) 530 e 43, 400 7 200 

D 2,000 An 500. Cc 37) 200 
CAG hari teh aietaas {pi I, 100 a ne. ee 8,100 | N 210 | C 235) 600 & ade) EF Ee nao L 0 1 55 P 10,500 BO OOACOR Ey 12) 400 

i Cc T, 500 An 1,260 Cc 24,800 | C 86, 800 
GeeLal Mest eiove se ie > keitemtege voters {p 420 | pH Brn ace 93,200 | p> Aan Cc 24, 800 Coe 148, 800 EB Road 

G os ‘ & 7) 790 
a 2 7, 7°90 7, 700 Oe moooTap gen dono D Too / pH 650 6,150 | P 520 | C 15,400 Coe se F ae 

T 3,900 

OWASCO LAKE, AUG. 13, 1910. 

B 37400 | © 780 As 1,830 | C 54,200 | C 46, 700 
eae olsparvepiaiabisinais csep B. ee D eS 33,500 | p eee)! —xt6p, 000 | Ee 

B 920 As 700 An 7,700 | A 500 
SO)s5 dog onbosa snOpeS p. 400 3 Da 13,800 | C 260 € u Spas Aph 38, 700 F qoo 

Di 920 4 P 11,800 7470, Cc 62,000 | T 500 

B 400 1G Cc An 3,800 
A 7) 700 

Tega Scaed SO O0o HOD ears dD I, 560 Ace 3,400 139 | D 65,800 | Aph 15,500 Le B. aS D 6, 700 P 650 rs om a T 7: 700 

Ms B 50 | D 13,000 Cc 500 | Aph ~—_23, 200 iv=ezOserisisisindncieitie ical iD ae |e: see 5,200 | P 520 | MRF Egos T 3, 800 

Aph 7,700 | A 7) 700 TOD RM 555 Bich sc te D __9,300 3,000 | P 130 | D 34; 800 11,600 | T 7) 700 

Aph 27,000 
BS Oye ehateieiefetnicfersie.a\eka sie B 50} D 10, 400 1,200 | P 130 | D 54,200} C 15, 500 

(0) 3, 800 

BOB ve cal Moe pA. D 10, 600 1,700 | P too | D 50, 300 Aph 23,200 
3,800 

os Aph 15,500 a7 aOROOe IDOL Lorena D 6,000 650 | P 130 | D 23,200 er naa 

D 6, 700 Aph 15,500 BOTS ccrcrvcrvcvsrcsece 16 400 780 D 27,100 rs f ras 

B D 3,800 
2 ST NI POR TEIEL ens 30} 7, ae 520 | P so | D 30,900 | C 3, 800 

SENECA LAKE, AUG. 4, 1910. 

An 1,250 
As goo | C 36,900 A 98, 400 

(ptoaaseeOdn qHABCmOrS P 800 | C 2,500 |. 1,250 | py apaea Ay i ape (© 7) 700 | 7 “antes 

P 18, 000 

se 7,000 

B 11,250 S aD) A 24,600 | A 86, 000 
CHAD RO oD AOADIOD ACE no 3 te yee (e} 3,750 8,750 a noe Cc 24,600 | & oe. ecenlT ranean 

P 31, 600 

An 3,750 A 233) 700 
“Gh Aoncidoacnndeucao orn B 18,000 | C I, 600 Ir,250 | As 1,250 | C 98,400 | C 17,300 | F 24, 600 

P 20, 800 An 12,300 
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TABLE XIX.—ANALYSIS OF PLANKTON CaTcHES—Continued. 

SENECA LAKE, AUG. 4, 1910—Continued. 

a Z Green and 
Depth, meters. Cladocera. Copepoda. Nauplii. Rotifera. Protozoa. blue-green Diatoms. 

: f alge. 

{ An I, 250 
As 400 3 A. 1,350, 400 

TB ate Pane ete sdvciee lefoverense siete B 24, 100 S eee 44,100 | C I,600 | C 24,600 | C 16,000 | F Z Sees 
» N I, 250 T 12,300 

12 22,100 

An I, 250 A 332, 000 
BOs eye ssa ee Rickert ie 7,100 < eos 68,300 | N 5 DEO Cc 12,300 | C 12,300 | F BE Ges 

% 1p 3,750 T 12,300 

A 61, 500 
: Cc 20, 000 An 200 ; i 

BOus ate jaiiorisis Peso ead ae p 1,650 | 7) aces 25,400 | pD Paes Cc 12,300 | C 500 _ Soe 

A I, 000 
Cc 50 An 70 4 

BOM S weiccture stories B 25 2, 000 Cc soo | C 500 | F 250 
D 820 2 P 70 T AD 

(e 50 
BRaTOOS dee ee eens D 250 750 a SonIS 250| C yoo | A 250 

L a6 130 

Cc 40 
LOOHT3Osiajeie sido ie 0 dfeieterste P roo 280 an oe Cc 600 | C 4oo} A 200 

L 20 

(e 20 An 20 i A 100 
XZOSTOS rene eneianeaecante D se 400 | p 76 (e 170 | C 850 | oD 

SKANEATELES LAKE, AUG. 15, 1o10. 

guia as 41 goose [Am ime Sea 
O-XO staan eee B 1,000 | yy A ee 13,700 | C 60 | 5 50,900 | © 19,300 | 7 3) 

74 Pp 460 DIOlG 15, 400 7, 700 
2 ‘S) 108, 000 

An 54) 200 
B 190 é 

O20. aie nie siasepstee teerade D 400 © xy ae I,100 | P 1,700 | C 243) 200 ee oa & 4 m= Pas 

D 790 Coe 3, 800 

Cc 60 An 7) 700 
BO-ZOvasiris,cieichesrme ae {p 60 |] D 2, 600 roo | P 2,360 | C 30,900 | C Rare S wats 

L 60 Coe 900 54 

A 1,162,000 
B 1o|/ D 430 Cc 400 ees 

OaSOsriias ee cheeescee ee 60 | P 1,860 | C 9, 600 F I, 900 
4 30|L 30 2 y Coe 400] s ae sees 

D 120 30 | P 1,000 | C 3, 800 | Coe 300 | A 331, 000 
Remy Phdoosdndscaatanded {B 10/7, is , g S Eee 

{D 60 Cc 150] A 127,400 
WO-BO sistah Ricisielateietotsrane ete \L Je 1o | P 60 | C 3; 860 | oe Selig Saas 
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TRANSPARENCY. 

The transparency of the water was determined in 1910 by means of a Secchi’s disk about ro centi- 
meters in diameter. The depth at which this disk disappeared from view was as follows: 

TABLE XX.—TRANSPARENCY OF WATER. 

Trans- Trans- Lakes. parency. Lakes. parency. 

Meters. Meters. 
(CATECIROE, cp oe Dee nOO a Een BO CEOE ee Rete eta anced Lo@) || EGO oc cabsdoscgovs0daudinbosdoneucanDoneDODODS 4-7 
MS AVI ATI CLAN OUI AN eg oor cis ete vs as aior ena atone eile: Sucka ayaa eae baar as the Beall MOREISCOM as sciaiverzizyeletayachtiey ane letercusroreca cael evtetesaralracaietalc ake 3-0 
(CARO ng oie SOAR NOOB D OR ONCT ORO T HOCH EMOG AAD uaa BAe SAT PSOMOCA a tetresy ters) cusssee loser asevateve stele svava zie oper rere oseyeentcie ia les 8.3 
MB EVEL ESPERO earnest arsca iat cto ttes syarayel Sioeths miniwuuhawie aeainhe/viae Osay lin aAtPeACCLES iF RNs eu ccistss sores ate oi hieeuaniieeu eee aareletee 10.3 

OXYGEN ABSORPTION. 

TABLE XXI.—NuMBER OF CUBIC CENTIMETERS OF OXYGEN ABSORBED BY 1 LITER OF DISTILLED 

WATER AT DIFFREENT TEMPERATURES FROM A FREE Dry ATMOSPHERE OF 760 MM. PRESSURE. 

Temp. ° I 2 3 4 5 6 4” 8 9 

—2 10. 880 10-850 10. 820 10. 790 Io. 760 10. 730 10. 700 10. 670 10. 640 10. 610 
=H Io. 580 10. 551 IO. 522 10. 493 10. 464 10. 435 Io. 406 10.377 10. 348 I0- 319 

° 10. 290 Io. 263 Io. 236 10. 209 Io. 182 IO. 155 Io. 128 10. IOL 10.074 10.047 

I 10. 020 9-993 9.966 9-939 9-912 9. 885 9-858 9. 831 9. 804, 9-777 
2 9-750 9 725 9- 700 9-675 9-650 9- 625 9- 600 9+ 575 9- 550 9- 525 
3 9: 500 9-476 9-452 9-428 9- 404 9- 380 9- 356 9-332 9- 308 9. 284 
4 9- 260 9-237 9-214 9-191 9- 168 9-145 9-122 9-099 9-076 9-953 

5 9-030 9-008 8.986 8.964 8.942 8.920 8. 898 8.876 8.854 8. 832 
6 8.810 8. 789 8. 768 8. 747 8. 726 8. 705 8. 684 8. 663 8.642 8.621 
7 8. 600 8. 580 8. 560 8. 540 8. 520 8. 500 8. 480 8. 460 8. 440 8. 420 
8 8. 400 8. 381 8. 362 8.343 8.324 8. 305 8. 286 8. 267 8. 248 8. 229 
9 8.210 8. 191 8. 172 8.153 8.134 8.115 8. 096 8.077 8.058 8.039 

10 8.020 8.002 7-984 7.966 7-948 7-930 7-912 7-894 7-876 7-859 

II 7-840 7-824 7- 808 7-192 7-776 7- 760 7-144 7-728 7-712 7- 696 
12 7-680 7-664 7-648 7-632 7-616 7-600 7-584 7- 568 7: 542 7-526 

13 7-520 7+ 505 7-490 7-475 7-460 7-445 7-430 7-415 7-400 7-385 
14 7-370 7-355 7-340 7-325 7-310 7-295 7-280 7-205 T+ 250 7: 235 

15 7-220 47.206 7.192 47.178 7-164 7-150 7-136 7.122 7 108 7-094 
16 7-080 7. 066 7.052 47.038 7.024 7.010 6. 996 6. 982 6. 968 6.954 
17 6.940 6.927 6.914 6. 90r 6. 888 6.875 6. 862 6. 849 6. 836 6. 823 
18 6.810 6. 798 6. 786 6.774 6. 762 6.750 6. 738 6. 726 6. 714 6. 702 
19 6. 690 6.678 6. 666 6.654 6. 642 6. 630 6. 618 6. 606 6. 594 6. 582 

20 6.570 6.559 6. 548 6. 537 6. 526 6. 515 6. 504 6. 493 6. 482 6.472 
21 6. 460 6.449 6. 438 6. 427 6. 416 6. 405 6.394 6. 383 6.372 6. 361 
22 6.350 6. 339 6.328 6.317 6. 306 6. 295 6. 284 6. 273 6. 262 6. 251 
23 6. 240 6. 230 6. 220 6. 210 6. 200 6. 190 6. 180 6.170 6. 160 6.150 
24 6. 140 6. 130 6.120 6. 110 6. Loo 6.090 6. 080 6.070 6. 060 6.050 

25 6.040 6.030 6.020 6.010 6. 000 5-990 5-980 5-970 5-960 5-950 
26 5-940 5+ 930 5-920 5-910 5-900 5-890 5- 880 5-870 5- 860 5-850 
27 5- 840 5-831 5-822 5-813 5- 804 5+ 795 5- 786 5-777 5+ 768 5+ 759 
28 5-750 5+ 714i 5+ 732 5+ 723 5-714 5+ 795 5+ 696 5+ 687 5-678 5-669 
29 5: 660 5-651 5+ 542 5-633 5-624 5-615 5- 606 5-597 5+ 588 5+ 579 

30 5+ 579 5- 56r 5+ 552 5+ 543 5+ 534 5+ 525 5-516 5+ 507 5-498 5+ 489 
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PLATE CXI 
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OTISCO AND SKANEATELES LAKES 

(UPPER, SMALLER LAKE IS OTISCO) 

Topography from maps of the United States Geological Survey, 1902 

Hudrography from survey by Cornell University 

(Skaneateles, 1893; Otisco, 1897) 

( Topography, 20 feet 
Contour interval 

Hydrography, 50 feet 
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OWASCO LAKE 

Topography from maps of the United States Geological Survey, 1909 

Hydrography from survey by Cornell University, 1896-1897 

Topography, 20 feet 
Contour interval i 

Hydrography, 50 feet 
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CAYUGA LAKE 

Topography {tom maps of the United States Geological Survey, 1902 and 1909 

(Teroarehy, 29 feat 
Contour interval 

VHydrcaraphy, £9 feet 
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SENECA LAKE 

Topography from maps of the United States Geological Survey, 1901 and (902 

Hydrography from survey by Cornell University, 1878-1883 

Topography, 20 foot 
Contour inna} 

Hydrogmphy, 50 feet 
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Hydrography, 50 feet ~ 

azpo0 

KEUKA LAKE 

Topography, 20 feet 

Seale 

Contour interval 
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Hydrography from survey by Cornell University, 1884-1888 
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Topography from maps of the United States Geological Survey, 1906 
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Topography, 20 feet 

Hudrography, 50 feet 
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Cortour interval 

CANANDAIGUA LAKE 

Hydrography from survey by Cornell University, 1888-1890 

Topography from maps of the United States Geological Survey, 1903 
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